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U = The overall heat transfer coefficient (btu/hr-ft -*F) 
A = The outside surface area of concrete-polyethylene pipe 
(sq. ft) 
At = Temperature difference between the circulated water 
and the constant temperature waterbath (®F) 
m = Mass flow rate of the circulated water (Ib/hr) 
Cp = The specific heat of water (btu/lb-®F) 
dt = Change in the temperature of the circulated water when 
passing through the increment (dl) of the concrete-
polyethylene pipe (*F) 
= Total heat transferred (btu/hr) 
rg = The inside radius of polyethylene pipe (ft) 
rg = The outside radius of polyethylene pipe (ft) 
r^ = The outside radius of concrete-polyethylene pipe (ft) 
DQ = Outside diameter of pipe (ft) 
= Inside diameter of pipe (ft) 
t^ = The mean temperature of the water film (*F) 
h, 2 = and h,» = the inside and outside film coefficients of 
pipes, respectively (btu/hr-ft2-*F) 
k = Thermal conductivity of the circulated water (btu/hr-
ft-OF) 
= Thermal conductivity of the waterbath (btu/hr-ft-®F) 
^Nu(D) ~ Nusselt Number (based on diameter of pipe) 
NRd(D) = Reynolds Number (based on diameter of pipe) 
Np^ = Prandtl Number 
Kpi = Thermal conductivity of polyethylene (btu/hr-ft-®F) 
iv 
= Thermal conductivity of concrete (btu/hr-ft-*F) 
D = Diameter of pipe (inches) 
G = Mass flow rate per unit area (Ib/hr-sq ft) 
Up = Water viscosity evaluated at the bulk temperature 
® (Ibm/ft-hr) 
U = Water viscosity evaluated at the pipe surface tempera-
® ture (Ibm/ft-hr) 
K_ = Thermal conductivity of water evaluated at the bulk 
temperature (btu/hr-ft-®P) 
q = Heat flux btu/hr-sq. ft. 
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I. INTRODUCTION 
The necessity for providing controlled environment in 
order to promote animal comfort and, thereby improve animal 
productivity is dictated by climatic conditions in many parts 
of the world. An important factor in environmental control 
is the method of supplying or removing heat from enclosed 
spaces occupied by animals in order to produce thermal condi­
tions to result in economical animal performance. 
One way of providing animals with conditions conducive to 
thermal comfort is by circulation of tempered water through 
coils embedded 2 to 3 inches in the floor. This system has 
the following advantages over the traditional space air 
temperature control systems: 
1. Floor temperature control allows for more conductive heat 
transfer between animals and the floor. There are 
studies (1,2) indicating that 150 lb. pigs in 100®F 
environment lose about 3% of their total heat production 
by conduction to the floor, while similar pigs on 70 
or 80®P floor lose as much as 28% of their total heat 
production by conduction. This increase in the conducted 
heat reduces the need for respiratory heat dissipation 
and thus makes the animal more comfortable. 
2. Because comfort can be achieved in cold weather with 
floor temperatures of 70-85*?, the temperature dif­
ferential between indoor and outdoor air is less, thus 
reducing the cost of heating by as much as 20 to 30% as 
compared to conventional air heating (3). 
3. Floor temperature control gives more uniform air tempera­
ture throughout the controlled space. Aldam (4) re­
ported that in a room heated with floor panels maintained 
at a surface temperature of 85®F the difference between 
the temperature of the air immediately above the floor 
and that immediately below the ceiling was about 1.5°F. 
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4. Floor temperature control results in low air currents; 
thus, no air drafts are developed in the controlled 
space. 
Floor temperature control has, however, two main dis­
advantages, the relatively higher cost of materials and 
construction of the system and the longer time-lag inherent 
in the system due to the high mass involved. The latter dis­
advantage is not serious in animal housing since animals are 
known to be affected by the average temperature over several 
hours rather than by the instantaneous temperatures of short 
duration. 
Copper and steel have been the traditional piping 
materials used in the subfloor coils. The cost of materials 
and installation of steel coils is high due to the need for 
welded joints and other pipe fittings. Moreover, the pipe 
friction loss, and subsequently the pumping cost, are rela­
tively high because of the rough finish of the inside wall 
and the presence of sharp bends and elbows. The main limit­
ing factor in copper pipe systems is the high initial cost of 
material. Both steel and copper piping systems are sus­
ceptible to fouling of the inside wall as a result of corro­
sion. 
Polyethylene pipes avoid most all of these drawbacks 
because : 
1. The initial cost of polyethylene pipes, on a unit weight 
basis, is considerably lower than the cost of metallic 
pipes. 
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2. Polyethylene pipes are flexible and are available in 
long-continuous coils. This permits rapid installation 
and eliminates the need for joints and other pipe fit­
tings. There are indications that polyethylene panel 
heating systems can be installed in one-fourth the time 
required for copper pipe systems. 
3. Polyethylene pipes have a smooth inside finish and are 
resistant to corrosion. Thus their friction losses 
and the inside film iresistance are much lower than 
those of similar metallic pipes. 
Polyethylene pipes are being used in an increasing 
number of panel heating systems, in the United States, 
especially in livestock production buildings as well as 
residential and industrial applications. Recent articles in 
trade journals report that a number of these systems have 
operated satisfactorily at an average water temperature of 
120-130®F for the last five or six years. 
Manufacturers of polyethylene pipes are divided in 
their opinion with respect to the use of their products in 
panel heating. Some do not recommend its use in such appli­
cations because they are concerned about the following 
points : 
1. The thermal conductivity of polyethylene at the various 
temperatures encountered in panel heating or cooling is 
not well known. 
2. The softening of polyethylene at the higher tempera­
tures may lead to the failure of the system. 
3. The relatively high coefficient of thermal expansion of 
polyethylene may result in too much creep in the system. 
4. There is always the chance that the temperature of the 
circulated water may. accidently exceed the safety 
maximum limit. 
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5. There is a lack of information about the long term 
behavior of polyethylene pipes. 
On the other hand, some in the polyethylene pipe industry 
claim that the pipes are suitable for panel heating and 
cooling under limited conditions. They base their claim on 
the following points: 
1. The softening and the high thermal expansion of poly­
ethylene pipes are not serious problems since the 
concrete floor will hold the pipes steady. 
2. There are reliable temperature control systems that can 
be installed in the system to maintain the temperature 
below a safe maximum limit. With such control systems 
installed properly, the chance for failure due to acci­
dental high temperature is very remote. 
Due to the lack of adequate information about the thermal 
properties of polyethylene, especially its thermal conductiv­
ity, most of the panel heating systems using polyethylene 
pipes have been designed either on the basis of experience 
with metallic pipes or on the basis of mere guesses. In 
view of all these problems, the research herein reported 
was done with the main objective of obtaining more informa­
tion about the thermal conductivity of polyethylene pipe 
embedded in concrete so as to help optimize the design of 
floor temperature control systems. 
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II. LITERATURE REVIEW 
A. Floor Temperature Control Systems 
There are several reports, that indicate a superiority of 
floor temperature control over the conventional air tempera­
ture control systems, Kelly, Bond and Garrett (2) reported 
that by circulating 49®P water through a concrete floor, they 
were able to maintain the floor surface temperature at 
65®P when the ambient temperature was 110®F. They also re­
ported that growing hogs could be expected to lie 22 out of 
24 hours with approximately 20% of their body surface in 
contact with the floor. A recent work by Hultgren (5) 
showed that growing pigs spent 20-22 hours out of 24 hours 
lying on the floor. Nave and Olver (6) using a 4" thick 
electrically heated concrete floor reported that about 0.9 
watt per square foot per ®F would be needed to heat the floor 
to temperatures above a datum temperature of 70*F, Spillman 
(7) studied the heat transfer from swine to a controlled 
temperature floor and reported that the highest rate of heat 
conduction to the floor was obtained with a floor temperature 
of 75®P and an air temperature of 92®F. Lower rates were 
obtained with floor temperatures of 70®P and 85®F and an air 
temperature of 92®P. Kelly, Heitman and Morris (8) reported 
that pigs lost about 28% of their total heat production by 
conduction to a floor maintained at 70-80®P. 
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B. Concrete Thermal Properties 
The thermal properties of concrete have been widely in­
vestigated (9, 10, 11/ 12). Mitchell (13) reported that 
the thermal conductivity of concrete in the temperature range 
of 50 to 150®P varied from 0.80 to 2.5 BTU/hr ft. ®P de­
pending on its ingredients and its air content. He also 
stated that the coefficient of thermal expansion of concrete 
varied from 5.0 to 5.5 x 10 ^ in/in ®F. These properties 
agree closely with those presented in the Bureau of Reclama­
tion Bulletin (14) Bonnell and Harper (15) gave the value 
of coefficient of thermal expansion of 1:6 cement to gravel 
aggregate ratio as 7.3 x 10"^ in/in "F, the value accepted 
by the American Concrete Institute (16). The work by Brewer 
(17) showed the thermal conductivity of concrete saturated 
with water to vary with the specific weight of the concrete. 
A recent publication by the American Concrete Institute (18) 
gave a list of the thermal conductivities of various mixtures 
of concrete of various moisture contents. A report by the 
British Allied Industries Research Association (19) indicated 
that a 6" thick concrete floor was found to have sufficient 
heat storage to provide upward heat flow for 2 to 3 hours 
after cessation of hot water circulation. 
7 
C. Thermal Properties of Polyethylene 
The literature reviewed revealed little work on the 
thermal conductivity of plastics used in this manner. Most 
of the research reported was conducted by engineers interested 
in the use of plastic pipes and tubings in heat exchangers. 
Whitley (20) used various types of plastic tubings in heat 
exchangers and reported that the major problems were the low 
thermal conductivity and the strength of plastics at high 
temperatures. Weaver (21) investigated the economic feasi­
bilities of using plastic films in heat exchangers and found 
that, for equal heat transfer and temperature differential, 
the comparative cost of two materials such as a plastic and 
a metal was expressed by: 
where ; 
C = total cost 
c = cost per unit area 
k = thermal conductivity 
X = wall thickness. 
The subscripts m and p denoted metal and plastic, respective­
ly. Githens, Minor and Tomsic (22) compared plastic and 
metallic pipes in heat exchangers. They reported that, un­
like plastics, the over-all heat transfer coefficient U of 
8 
metallic pipes would be greatly reduced by fouling. A study 
of Kline (2 3) showed that the thermal conductivity of .92 
3 -4 gm/cm density polyethylene varied from 6.1 x 10 
cal/cm-sec-®C at 0®C to 4.6 x 10~^ cal/cm-sec-*C at 95®C. 
Steere (24) using a constant thermal-flux technique, found 
the thermal diffusivity of low-density polyethylene to vary 
2 2 from 0.00190 cm /sec to 0.00130 cm /sec at -50 and 20°C 
respectively. The Modern Plastics Encyclopedia (25) lists 
the coefficients of thermal expansion of polyethylene as 
10-20 X 10 ^ inch per inch-"C for low density, 0.910-0.925 
gm per cm^, as 14-16 x 10~^ for medium density, 0.926 to 
0.940 gm per cm , emd 11-13 x 10 for high density, 0.941 
to 0.955 gm per cm?. 
D. Temperature Measurement and Control 
Copper-constantan thermocouples, type ISAT, were recom­
mended by Moeller (26) for low temperature measurements, 
Roesen and Longberger (27) reported that the thermoelectric 
power of copper-constantan thermocouples varied from 21.3 
HV per deg. F at 32®F to 26.0 yV per deg. F at 212®F. This 
high thermoelectric power was one of the reasons for the 
selection of this thermocouple for accurate low range 
temperature measurements. Shenker, Lauritzen, corruccini and 
Lonberger (28) developed reference tables for copper-cons tan-
tan type ISAT thermocouples. They based their work on an 
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earlier work by Itoeser and Dahl (29). Dike (30) stated that 
copper-constantan thermocouples had a very high degree of 
reproducibility of thermal emf. 
Jackson (31) indicated that the accuracy of a thermo­
couple reading depends on the type of its junction. Twisted, 
unbounded junctions would produce more erratic results than 
straight soldered junctions. 
A good description of how to construct a selector switch 
circuit for reading a number of thermocouples with one 
potentiometer and one ice point was given by Barker, Ryder 
and Barker (32). Davidson (33) and Wile (34) recommended 
that the junctions with the copper leads should be made 
individually at the ice point for each thermocouple. 
Mercury-electric contacts used as "on-off" temperature 
controller seemed to be preferred by most workers (35). When 
used properly, such controller could give very accurate 
temperature contro1 (36). 
E. Convective Heat Transfer 
1, Water flow inside a duct 
Heat transfer between a fluid and the wall of a duct is 
a complex phenomenon and has been studied by many investi­
gators. The coefficient of convective heat transfer, h, is 
controlled by factors of both thermodynamic and heat con­
duction. Lawrence and Sherwood (37) showed, h, to be 
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independent of the length and the inside diameter of the duct 
over a range of L/D from 32 to 196. McAdams (38) gave the 
following equation for the calculation of h in a fully 
developed flow with Reynold's number in excess of 2100: 
^ = 0.023 0-4 (II.1) 
For cooling, Colburn (39) suggested the following equation; 
«m(D) = '«RdCD)»"'® 'V"*" 
A similar equation was developed by Sieder and Tate (40); 
= 0.027 (^)°-^^(|£)°-®(^) (II.3) 
Kg Ug Ug K iJ 
For cooling liquids flowing in pipes, McAdams (41) gave a 
simplified form of his previous equation: 
h = *(t) (G)°'G/(D)0.2 (II.4) 
where 
c_ 
*(t) = 26.4k°'G (_2)()'4 
u 
For fully developed turbulent flow in smooth tubes, the 
following relation was recommended by Dittus and Boelter 
(42) for the calculation of Nusselt number, based on the 
inside diameter of the tube. 
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V(D) = "-""(NMID)'""® ""Pr'" 
hD _ M 
k Nu(D) 
where 
n = .3 for cooling = 0.4 for heating. 
Langaar (43) developed the following expression for 
predicting the starting length required by the flow to be 
fully developed: 
^= 0.0575 
2. External flow of water across a set of ducts 
Heat transfer between tubes and liquids flowing ex­
ternally normal to the tubes has been studied by many investi­
gators. Fand (44) showed that the heat transfer coefficient 
from liquids to cylinders in cross flow would be given by: 
0.35 + 0.56 (Njjg)-" (II.6) 
where all fluid properties are evaluated at the film tempera­
ture, tg. McAdams (41) suggested the following equation for 
the calculation of the outside film coefficient, h in water 
flow across a bank of tubes: 
"nuO) - Cpr'"'" 
Chapman (45) cited Hilbert's equation for external flow 
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across pipes as follows; 
«NU(D) = ='"^(0)'" <"•" 
The values of c and m were functions of Reynold number. 
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III. SELECTION OP THE 
EXPERIMENTAL METHOD 
The thermal conductivity, k of a solid under steady 
state condition can be calculated by using the appropriate 
boundary conditions in the standard steady state heat 
transfer equation of; 
q = (III.l) 
The solution of this equation requires the definition 
of two parameters, namely: 
1. The heat flow per unit area, q 
2, The temperature gradient along the normal to the iso­
thermal surface which involves measurement of the 
temperature difference between two known positions. 
Several techniques have been developed for the measure­
ment of these two parameters (46, 47), of these, "the 
guarded hot plate" and "the radial heat flow" were two that 
seemed feasible for use in obtaining values for the thermal 
conductivity of polyethylene pipes embedded in concrete. 
In its simplest form, the guarded hot plate consists of 
a flat plate heat source and a water-cooled heat sink. A 
sample of the material to be tested is sandwiched between 
two reference plates of known thermal conductivity. The 
assembly is held under pressure between the heat source and 
the heat sink. The temperature differences across the two 
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reference plates are measured and used to determine the 
magnitude of the heat flow, q, across the assembly. The value 
obtained is used, in combination with the temperature gradient 
across the test sample, to determine the heat transfer coeffi­
cient of the material under consideration. 
A more detailed description of the guarded hot plate 
method is given by Giedt (48). Karp and Scanton (49) also 
describe this method's use and discuss its capability for 
giving accurate results when used properly. The guarded hot 
plate method was rejected in this study, however, for the 
following reasons: 
1. It requires complex instrumentation and is time con­
suming due to the necessity of maintaining thermal equilibrium 
throughout the apparatus and thermal balance between the 
guarded plates and the test specimen. 
2. It does not facilitate testing for the effects of 
other thermal properties of polyethylene on its thermal 
conductivity when embedded in concrete. Of these, thermal 
expansion is of special importance in this project. 
Several radial heat flow methods are described by 
McElroy and Moore (50). One of the methods described involves 
the use of cylinders, made from the material under considera­
tion, with a central source (or sink) of heat. The heat flow 
across the wall of the cylinder is determined from: 
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a. Temperature gradient across the cylinder wall, 
and 
b. Heat flux measurement 
Temperature gradient measurement can be done by one of 
two ways. 
1. By locating thermocouples on the inside and outside 
surfaces of the test specimen and thus measuring the tempera-^ 
tures of the two surfaces. This method had several inherent 
problems : 
a. It is extremely difficult to establish a good thermal 
contact between the thermocouples and the surface of the 
cylinder being measured (51). 
b. The presence of a thermocouple on the wall surface 
can alter the convective heat transfer characteristics of the 
surface and thus given erroneous readings (52). 
c. Heat loss along the thermocouple wires can also 
significantly alter its reading (53). 
2. By maintaining constant and uniform, but different, 
temperature conditions inside and outside the test specimen 
the temperature gradient across the wall of the specimen will 
be equal to the magnitude of the difference between the in­
side and outside temperatures. There are different methods 
for doing this. The simplest one involves the use of a 
constant temperature waterbath around the test specimen 
while a fluid of a known temperature is circulated through it. 
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In this case, the film coefficients of the fluids inside and 
outside the cylinder need to be evaluated in order to calcu­
late the heat thermal conductivity, k. 
The major problem encountered with radial heat flow 
setups has to do with the technique of measuring the bulk 
temperature of the circulated fluid. Many efforts have been 
made to develop temperature sensors that will measure the 
bulk temperatures of fluids flowing through ducts ( 54 and 
55) . Most of the temperature sensors developed tend to give 
erratic temperature readings due to the flow of heat along 
the sheathing and the wires of the sensing element. 
The "radial heat flow" method was selected for this re­
search, however, because it facilitated testing for the 
effect of circulated water pressure on the heat transfer 
characteristics of the embedded polyethylene pipes. This is 
of special importance when cold water is to be circulated 
through the pipes, because polyethylene, having a coefficient 
of thermal expansion ten times, or more, that of concrete, 
will tend to contract more and thus leave a gap between it 
and the concrete. Higher circulation water pressures could 
possibly serve to offset this tendency. Special flow mixing 
chambers were used with this method, however, to adequately 
mix the flow of the circulated water entering or leaving the 
test pipes, and thus insure true bulk temperature readings. 
The test pipes were made by casting 3 inch concrete pipes 
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around 7 ft. length of the polyethylene pipes to be tested. 
These dimensions were chosen because preliminary calcula­
tions indicated that measureable temperature changes would be 
obtained when water at various tested temperatures was circu­
lated through the pipe sections. Six of these test pipes 
were made at a time and were connected in series to form a 
horizontal looping coil a few inches above the floor of a 
constant temperature waterbath. Water at a constant rate but 
different combinations of temperatures and pressures is circu­
lated through the pipes and the temperature of the water 
entering and leaving each pipe was recorded. The data so 
collected were then used to determine the thermal conductivity 
of the polyethylene pipes. 
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IV. EXPERIMENTAL - SYSTEM 
COMPONENTS 
A. Constant Temperature Waterbath 
A tank, to serve as a constant temperature waterbath, was 
constructed from 1/2 inch plywood and 2 inch timber. The tank 
was 17 ft. long, 7 ft. wide and 3-1/2 ft. high. Figure (1) 
shows the general layout of the tank. 
In order to maintain a uniform waterbath temperature, a 
centrifugal pump was installed to recirculate the water in 
the tank at approximately 170 gpm. The intake to the pump 
was made from a 12 ft. long 3 inch pipe. The pipe was placed 
horizontally along the side of the tank about 9 inches above 
the floor. It had 12 equally spaced 1/2 inch holes along the 
side facing the tank and was plugged at both ends. A vertical 
pipe of the same size was used to connect the horizontal pipe 
to the pump. The outlet side of the pump was connected to a 
similar horizontal pipe running along the opposite side of 
the tank at about the same level as the intake horizontal pipe. 
This arrangement was to give a uniform water flow, across the 
tank, between the two horizontal pipes as shown in Figure (2). 
B. Hot and Cold Water Supply Systems 
An 8 k.w. electric heater was installed 6 inches above 
the floor of a 40 gallon hot water tank. The electric heater 
Figure 1. The general layout of the constant-temperature water tank, (1) 
recirculation pump, (2) horizontal outlet agitation pipe, 
(3) horizontal inlet agitation pipe, (4) drain 
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was controlled by mercury filled, normally opened, thermo­
stats set at the desired temperatures. An agitator was used 
to maintain uniform temperature throughout the tank. One 
inch thick fiber glass blanket was used to insulate the tank. 
Figure (3) shows the hot water tank and the temperature 
control system. 
A similar tank was used for the cold water supply. The 
temperature of the water was maintained by 15,000 btu/hr 
refrigeration unit operating through a heat exchanger. The 
refrigeration unit was controlled by mercury filled thermo­
stats set at the desired temperatures. The tank, the heat ex­
changer and the piping system between them were insulated 
with 1/2 inch thick rubber foam. Figure (4) shows the general 
layout of this setup. 
C. Water Circulation System 
The general layout of the water circulation system is 
shown schematically in Figure (5) . Centrifugal pumps 
(numbered dand e) were used to circulate the hot or cold 
water, respectively, through the concrete-polyethylene pipe 
test specimens. Water flow was regulated and controlled by 
gate valves (f and g) and was measured by flow meters (k and 
5) . The flow meters were spring loaded, thermobalancer 
meters, and each was used to check the reading of the other 
to make sure that both meters would give the same reading 
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each time. Check valves (h and i) were installed in the 
system to prevent water from flowing into one tank when 
water was being pumped from the other. The pressure of the 
circulated water was regulated and controlled by gate 
valves (a and j), and was measured by pressure gage (m). 
Solenoid valves (b and c) were installed and wired in such a 
way that each would open when its respective pump was 
switched on. The electric circuitry of the circulation water 
control system is shown in Figure (6). 
1. Flow mixing chambers 
In order to be able to measure the bulk temperature of 
the circulated water entering and leaving the pipe test 
specimens, flow mixing chambers were installed at the 
entrance and exit of each pipe. As shown in Figure (7) each 
entrance flow mixing chamber consisted of an outer jacket 
(a) made from a 5-1/2 ft. length of 2-1/2 inch steel pipe. 
One end was sealed while the other end was fitted with a 
disc (b) having an opening one inch in diameter drilled at 
its center. A 5-1/4 ft. length of 3/4 inch steel pipe (c) was 
threaded at one end fitted through the opening and welded to 
it in such a way that the threaded end protruded 3 inches. 
The purpose of this pipe was to allow the flow to establish 
before water entered the concrete-polyethylene pipe. Two 
flow mixing fins (d) were brazed to the 3/4 inch pipe 4 inches 
apart and 6 inches from its inner end. They served in mixing 











Figure 7. A general view of the components of a typical 
entry-flow mixing chamber, (a) outer jacket, (b) 
cover disc, (c) inner pipe, (d) flow mixing fins, 
(e) connection pipe, (f) thermocouple coupling 
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the flowing water before it reached the thermocouples. 
The outer jacket had two additional openings. A 6 inch 
length of 3/4 inch pipe Cel threaded at one end was welded 
to one of the openings to serve as an entrance for the circu­
lated water. A 3/16 inch pipe coupling Cf) was welded onto the 
other opening to accommodate a 3/16 inch plug carrying a 
thermocouple. 
Similarly, one ft. long flow mixing chambers were used 
at the exit ends of each of the test section concrete-
polyethylene pipes. The flow mixing fins of these flow 
mixing chambers were fitted at the ends of the inner 3/4 
inch pipes as shown in Figure (8). All the entry and exit 
flow mixing chambers were insulated by 1/2 thick rubber foam 
followed by 1/4 inch thick based shredded cork insulation. 
2. Temperature measurement equipment 
Copper-constantan thermocouples were used to measure 
the temperature of the circulated water and the waterbath. 
Soldered thermocouple junctions were carefully made for all 
the thermocouples employed. Each thermocouple junction was 
covered with a layer of epoxy glue to prevent electrolytic 
short circuiting which might result if water came in contact 
with the exposed parts of the thermocouple wires. 
The thermocouples were mounted through holes drilled at 
the centers of the 3/16 inch plugs. The thermocouple junc­
tions were allowed to protrude 2 inches from the plugs. 
Figure 8. A general view of a typical exit flow mixing 
chamber and its components 
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Epoxy glue was used to seal the spaces around the thermo­
couple wires within the plugs. The plugs were then fitted 
into the 3/16 couplings welded onto the flow mixing chambers. 
Figure (9) shows this drawing arrangement for a typical 
thermocouple installation. 
Six concrete-polyethylene pipe sections were used in 
each experiment. Two thermocouples were used, one to measure 
the inlet and the other to measure the outlet temperature of 
the water circulated through each section. Thus, a total of 
12 thermocouples were used each time. A single channel 
precision potentiometer was used to measure the thermo­
electric emf generated by the thermocouples. To facilitate 
quick reading through all the 12 thermocouples, a selector 
switch was used for switching from one thermocouple to the 
other without the need for disconnecting the leads to the 
potentiometer. An ice bath was used for the cold reference 
junction. Figure (10) shows a schematic representation and 
Figure (11), a general view of this arrangement. 
3. Temperature control equipment 
Mercury thermostats were used to control the temperature 
of the cold and hot water supply. Each thermostat contained 
an upper and a lower reservoir with a capillary connecting 
them. The mercury in the lower reservoir expanded or con­
tracted with changes in temperature and thus made or broke 

























Figure 11. A general view of the flow control and tempera­
ture measurement equipments, (1) flow meter, (2) 
pressure gauge, (3) pressure control valves, 
(4) compressor relay, (5) thermostats switch, 
(6) electric heater relay, (7) electric heater 
relay, (8) precision potentiometer, (9) thermo­
couples switch, (10) ice water thermoflask 
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the electric contact at the upper end of the capillary. This 
was relayed to the main switch controlling the power supply 
under consideration. The upper reservoir was to retain 
whatever quantity of mercury was excessive for a given 
temperature. 
The amount of mercury in the capillary determined the 
temperature at which contact would be made or broken. Setting 
the thermostat, therefore, consisted of having just enough 
mercury in the capillary to cause the top of the column to 
touch the contact wire at the exact temperature to be main­
tained. Figure (12) shows the details of one of these thermo­
stats. 
Water at six different temperatures was circulated through 
the test pipes. Each temperature was controlled by a separate 
thermostat, thus a total of six thermostats were used, four 
for the hot water supply tank and two for the cold water 
tank. The thermostats of each tank were fixed to a piece 
of styrofoam so that they remained floating on the surface of 
the water in the tank. The upper ends of the thermostats 
were covered with plastic bags to prevent short circuiting by 
water collecting on the terminals. Since a single relay was 
used to transmit the electric power, to the electric heater, 
a switch was used to select the thermostat for the tempera­
ture to be maintained. Figure (13) shows a schematic repre­
sentation of the system used. 




































V. EXPERIMENTAL PROCEDURE 
A. Measurement of the Densities and the Wall Thickness 
of the Polyethylene Pipes' Uses 
Polyethylene pipes, 3/4 inches in diameter, of three dif­
ferent densities and three different wall thicknesses within 
each density were used. The wall thickness of each pipe was 
measured with a micrometer at three different locations along 
the pipe roll. 
To determine the density of each pipe, three 4 inch 
sections were cut from different locations of each pipe roll. 
The sections were weighed in air and then in distilled water. 
A 100 gm brass weight was used to keep the sections completely 
immersed in water. Table (1) gives the data obtained. 
Table 1. A summary of the properties and dimensions of the 
polyethylene pipes used 







A 0.958 0.824 0.065 
B 0.958 0.824 0.082 
C 0.958 0.824 0.123 
D 0.939 0.824 0.060 
E 0.939 0.824 0.072 
F 0.939 0.824 0.092 
G 0.922 0.824 0.055 
H 0.922 0.824 0.060 
I 0.922 0.824 0.065 
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B. Calibration of the 
Plow Meters 
The two thermobalancer flow meters used for measuring 
the flow rate of the circulated water were calibrated before 
and after experimentation. Each flow meter connected to the 
domestic water supply system and water flow through the meter 
regulated by means of a built-in flow regulator. Water 
flowing through the meter was collected in a bucket of a 
known weight and the time taken to collect a known amount of 
water recorded and the flow rate calculated. The calculated 
flow rate was plotted against the meter reading as shown in 
Figure (14) . This calibration was done at water temperatures 
of about 50 and 145®P respectively. 
C. Calibration of the Thermocouples 
The copper-constantan thermocouples used for temperature 
measurement were calibrated before and after the end of ex­
perimentation. The calibration was done by using ice water 
and boiling water as the two extreme reference temperatures. 
The readings of the thermocouples at these two temperatures, 
and at five intermediate temperatures of 60, 100, 140, 175®F, 
were recorded and plotted as shown in Figure (15). Because 
recorded differences in temperature were expected to be quite 
small, a regression analysis was used to test for the rela­
tionship between the temperature (y) and the corresponding" 
Figure 14. Calibration curves of the flow meters 
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Figure 15. Calibration curves of the thermocouples 
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thermoelectric emf of each thermocouple. Two statistical 
models were tested for the best fitting of the data. These 
were a linear model 
y = u + (V.l) 
quadratic model 
y = u + + C^X^^ + (V.2) 
The linear model gave the better fit with multiple 
correlation coefficients (R) of more than .999 for all the 
thermocouples. 
D. Casting of the Concrete -
Polyethylene Pipes 
Multilayer concrete - polyethylene pipes 7 ft. long and 
3 inches in diameter were made by casting concrete around the 
3/4 inch polyethylene pipes. A total of nine different 
pipes were used in the investigation, i.e., pipes cast using 
the three densities and three wall thicknesses of poly­
ethylene. Concrete was cast around the polyethylene pipes 
by using 3 inches polyvinyl chloride (PVC) pipes split 
longitudinally in halves as forms. During casting, the two 
halves of each polyvinyl chloride pipes would be held 
together to make a complete circular form pipe, by means of a 
series of wires wound around them at 4 to 6 inches spacing as 
shown in Figure (16). A three inch wooden plug was inserted 
Figure 16. Forms for casting concrete - polyethylene pipes 
(1) 1/2" steel pipe (to be inserted through the 
polyethylene pipe, (2) and thus keep it straight), 
(3) two halves of 3" polyvinyl chloride pipe, 
(4) end plug, (5) concrete-polyethylene pipe in 
forms, (6) a cured concrete-polyethylene pipe 
55b 
Figure 17. The general layout of the apparatus used: (1) 
hot water pump, (2) hot water tank, (3) refrig 
eration unit, (4) cold water tank, (5) cold 
water heat exchanger, (6) agitation pump, (7) 
agitation supply pipe, (8) entry flow mixing 
chamber, (9) concrete-polyethylene pipe, (10) 
agitation return pipe, (11) exit flow mixing 
chamber, (12) electric heater 
56b 
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at one end of each form pipe and the polyethylene pipes to be 
tested were inserted through holes drilled at the center of 
the wooden plugs. To maintain the polyethylene pipes straight 
during casting, a 1/2 inch diameter steel pipe was inserted 
through each of them. The form pipes, with the polyethylene 
pipes running centrally through them, were inverted vertical­
ly with the plugged ends down and securely, fixed to a wooden 
stand. Concrete was then gradually poured into the forms 
through the uncovered upper end, and a constant gentle tapping 
of the forms was maintained to drive out air bubbles and com­
pact the concrete. When the forms were filled the remaining 
open end was fitted with a second 3 inch plug with a central 
hole to accommodate the polyethylene pipe. The polyethylene 
pipes protruded about 3 to 5 inches beyond the plugs at each 
end. 
The concrete mix used was that recommended by Portland 
Cement Association (56)for floor systems. It had the follow­
ing ingredients, by weight; 
water to cement ratio = .50 
cement to sand to gravel ratio = 1:2:3 
size of gravel aggregates = 3/4 inch 
After a curing period of two weeks, the forms were re­
moved and the resulting concrete-polyethylene pipes were 
sprayed with concrete silicon sealer to prevent free water 
movement between the concrete and the waterbath. The 1/2 
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inch steel pipes were removed and the concrete polyethylene 
pipes were installed in the waterbath. 
E. Arrangement of the Concrete -
Polyethylene Pipes 
The six concrete-polyethylene pipes - cast, cured and 
sprayed with silicon concrete sealer in the manner described 
before - they were then installed and connected in series to 
form a horizontal looping coil 9 inches above the floor of 
the constant temperature waterbath as shown in figures (17) 
and (18). Circulated water entered each concrete-polyethylene 
pipe through the entry flow mixing chamber, where its tempera­
ture was measured by the thermocouple. The circulated water 
then entered the 3/4 inch pipe leading to the concrete-
polyethylene pipe test sections. No change occurred in the 
temperature of the water as it flowed through this pipe as 
the water flowing inside the pipe was at the same temperature 
of the water flowing outside it. The circulated water leaving 
the first concrete-polyethylene pipe section entered an exit 
flow mixing chamber where its temperature was measured after 
its flow was mixed. The water then entered the entry flow 
mixing chamber of the next concrete-polyethylene pipe section 
to repeat the same flow pattern and temperature measurement, 
etc. The adapters used to connect the concrete-polyethylene 
pipes to the flow mixing chambers were streamlined to 
Figure 18. The connection of the concrete-polyethylene pipes to the entry 







minimize turbulence of the water flow as it entered the 
concrete-polyethylene pipes. 
In a second set of experiments, plain polyethylene 
pipes, 52 inches long, were used to determine the thermal 
conductivity of each density and wall thickness combination 
used before. The pipes were installed and tested in the same 
way as the previously described concrete-polyethylene speci­
mens. 
P. Water Circulation Through 
the Test Pipes 
The literature reviewed (3, 4) had indicated that the 
temperature of the water circulated through a panel used for 
summer cooling and winter heating would range between 35 and 
150®F. Therefore, these two temperatures were taken as the 
extremes to be tested in this research. Additionally four 
other temperatures of 45, 100, 125 and 140®P were selected 
for testing between these two limits. Because of the change 
that would occur in the temperature of the circulated water 
as it flowed through the pipes, the selected temperature was 
to be maintained at a point lying roughly halfway between 
the entry and the exit points of the pipes loop. As the entry 
flow mixing chamber of the third test section was approxi­
mately at the desired place, it was used as the point of 
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test section was approximately at the desired place, it was 
used as the point of control eind referred to as "midpoint". 
A trial experiment was conducted to determine the magni­
tude of the change in the temperature of the circulated water 
during its flow through the pipe loop. Polyethylene pipes 
with the thickest and the thinnest walls in each of the three 
densities were used in the trial. Different flow rates were 
tried to see which rates would give a measurable temperature 
difference across each test pipe. A flow rate of 2 gpm was 
found to be best in this respect. It was also learned that 
the circulation water supply tanks must be maintained at 
temperatures of 28, 40/ 105, 130, 146 and 158®F in order to 
get "midpoint" temperatures of 35, 45, 100, 125, 140 and 
150{+ 2®F) respectively. 
During the actual experimentation the right thermostat 
for the circulation water temperature to be used was switched 
on by the thermostat selector. The circulation water pump 
was started and the flow rate was regulated and maintained 
at 2.0 gpm by means of gate valves (f) and (g) see Figure 
(5) . The thermobalancer flow meters (k) and (i) were used, 
alternatively, to measure the flow rate. Gate valves (a) 
and (1) were used to regulate the pressure of the circulated 
water. Four pressures, namely, 10, 25, 40 and 50 p.s.i. were 
used when testing for the thermal conductivity of polyethylene 
pipes in concrete. In the experiments where plain poly­
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ethylene pipes were tested, only one pressure, 10 psi, was 
used. 
G. Temperature Recording 
After either temperature or pressure of the circulated 
water was changed, a period of time ranging from one-half 
to one hour was allowed for reaching steady state conditions. 
The steady state condition was tested by monitoring the 
temperature of the temperature of the circulation water in 
the supply tank. A difference of + 1*F, or less, between 
three consecutive temperature readings was taken as an indi­
cation for this condition. 
After the steady state condition was reached, four sets 
of the 12 thermocouple readings were taken at intervals of 
from 20 to 30 minutes. The average of the four readings of 
each thermocouple was computed and recorded. Both the pressure 
and temperature of the circulated water were also measured 
and recorded. 
H. Constant Temperature 
Waterbath 
An initial waterbath temperature of 75®F was obtained by 
mixing the right proportions of hot and cold water. The 
large mass of water aided in keeping any temperature changes 
to a minimum. The temperature of the waterbath was constantly 
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checked by means of a thermocouple, and hot or cold water 
added to the bath whenever a difference in excess of +0.1°F 
was recorded. An equal amount of water would be drained from 
the tank in order to keep a water depth constant at all 
times. 
I. Hot and Cold Water 
Cycling 
Experiments were conducted to test for the thermal conduc­
tivity of polyethylene under conditions of alternate cycling 
of hot and cold water, as would occur with systems used both 
for winter heating and summer cooling. These cycling effect 
experiments were limited, however, to the thickest and thinnest 
wall pipes in each of the three polyethylene densities. Water 
at 150®F was circulated through the pipes for two hours, then 
35®F water circulated for another two hours. This procedure 
was repeated for 5, 10, 15 and 20 cycles. Temperature read­
ings of the water entering and leaving each test section were 
taken during the last two successive hot and cold water cycles. 
An electric timer was used to switch the flow between hot and 
cold water and maintain each for exactly two hours. 
65 
VI. CALCULATIONS 
A. Steady State Radial 
Heat Flow 
A Fourier equation gives the basic rule of radial heat 
transfer. It states that the steady state one-dimensional 
rate of heat flow, q, is equal to the product of the area of 
the section normal to the heat flow, the temperature gradient, 
dt/dx, and the thermal conductivity of the material. In 
mathematical form, it can be written as; 
g = - (VI.1) 
The negative sign is used because the temperature 
decreases as dx increases. 
To develop the general equation of steady state radial 
heat flow consider a cross-section through the wall of a 
cylinder of length, 1, and inside and outside radii of rg 
and r^ respectively, as illustrated in Figure (19). 
It is assumed that the entire inside and outside surfaces 
of the cylinder are exposed to uniform temperatures t^ and tg 
respectively and only radial heat flow occurs, and considering 
the heat flow across a thin differential element of thick­
ness, dr, at a radius r within the cylinder all, application 
of the Fourier equation gives : 
kAdt 9 = -
Figure 19. Radial heat flow through a section of a 
cylindrical wall 
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q = -2k irrA ~ 
q = -2kn'A dt (VI.2) 
Integrating over the entire wall of the cylinder -
^3 t. 
9 f ÉS = _2k ^ 
•^2 ' 
q(An r^ - An rg) = -2k ^^(tg-tg) 
qfAnfrg/rg) = 2k n&ftg-tg) 
2 nklftg-tg) 




If fluids at temperatures t^ and t^ are assumed to exist 
inside and outside the cylinder respectively, the film coeffi­
cients h^2 hg^ for convective heat flow through the fluid 
boundary layers inside and outside the cylinder respectively 
will have to be added to Equation (VI.3). 
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Thus 
q = (VI.4) 
AnfCg/rg) 
which is the general equation for the steady state radial heat 
flow through a unilayer cylinder. 
The overall heat transfer coefficient, symbolized by u, 
is simply a combination of the individual conductances of heat 
through the configuration and may be based on any surface 
area. The heat transfer equation for the cylinder considered 
before, where the overall heat transfer coefficient is 
based on an outside area , becomes ; 
B. The Overall Heat Transfer 
Coefficient U 
q = (t,-t.) (VI.5) 
where 
A4 = 











U4 = (VI. 6) 
r^ ^ r^Antr^/r,) ^  
2^12 ^ ^34 
For concrete-polyethylene multilayer pipe, the overall 
heat transfer coefficient based on the outside surface area 
will be given by: 
U 
(VI.7) 
r- r_An(r?/r-) rcAn(r./r_) , 
—g— + -2——±- + —c-z—i- + 
^2^12 ^ ^ ^45 
C. Cross Plow Heat Exchanger 
Analysis 
For a concrete-polyethylene pipe immersed in a waterbath 
at t^jj and with hot water at em entrance temperature t^ 
circulated through it, the heat transferred from the hot water 
to the waterbath over an incremental portion of the pipe 
having a length, dl, and outside surface area dA will be; 
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dq = U dAAt (VI.8) 
= m cp dt (VI.9) 
The total heat flow over the entire length of the pipe 
will be: 
q = U AAtm (VI.10) 
m 
where 
U is the mean overall heat transfer coefficient over 
m 
the whole length of the concrete-polyethylene pipe. 
To develop the cross-flow analysis, the following assump­
tions are made: 
a. The overall heat transfer coefficient U is constant 
along the entire length of the pipe. 
b. The specific heat of the circulated water and the 
waterbath remains constant along the pipe. 
c. Only radial heat flow occurs. 
These assumptions are quite realistic in view of the 
small temperature changes encountered. 
As shown in Figure (èô.) the temperature difference be­
tween the circulated water and the constant temperature water-
bath, Lt, will have a linear relationship with the total heat 
transferred, q, between the two fluids. Thus, with reference 
to Figure (20(^)), the rate of change of, At, with respect to 
q over the incremental portion of length, dl is: 
Figure 20. Temperature profile for a cross-flow heat 
exchanger 
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FOR HOT WATER: 
UA(At,- Atg) 
^ ~ InCAtj/Atg) 
qln(At,/Alx) 
U = ' *-
A (At - Atg) 
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d(At)  ,  'Ata-At j )  (Vl . l l )  
dq q 
But from Equation (VI.8) 
dq = U dA6t 
and by substituting for dq in Equation (VI.11) 
d(At) _ At2-Ati 
UdAAt q 
d{At) _ UdAfAtg-Ati) 
IE q 
Integration over the entire length of the pipe, with 
limits 0 to A for the surface area of the pipe (A) and At^ to 
At2 for At provides: 
4# - "'H-'v I* 
^^2 U{At«-At,) A 
[AnAt] - ^ [A] 
At^ 9 0 
ïïtj " q^ (Ati-Atg) 
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At, 
U = q An /AfAt^-Atg) 
At, 
= m cp dt An(^^)/A(At^-At2) (VI. 12) 
This equation is now used to calculate U and 
the calculated value of U substituted in Equation (VI.7 ) 
which is then solved for the thermal conductivity of poly­
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D. Calculation of the Inside and Outside 
Film Coefficients 
As indicated by the Literature Review, a fairly large 
number of equations have been developed for the calculation 
of the film coefficient, h, governing the heat flow between 
a fluid and the wall of a duct. To aid in the decision of 
which equation to use for the calculation of the inside film 
coefficient, h^g, the following assumptions were made: 
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1. A fully developed flow exists with no significant 
edge effects. This assumption was based on the fact that 
the inside edges of all adapters connecting the test pipes 
to the flow mixing chambers were streamlined to minimize 
their effects on the flow. 
2. The difference between the pipe surface temperature 
and the bulk fluid temperature would not be greater than 
10*F. This assumption was justified by the low thermal 
conductivity of polyethylene. 
3. The change in the bulk temperature of the fluid 
flowing through the pipe would be small enough to justify the 
use of an average rather than the local value of the film 
coefficient, h^g' 
These assumptions made the calculation of the inside 
film coefficient, h^g, much simpler. The second assumption 
provided the main condition for using the equation developed 
by Dittus and Boeller (42) for the calculation of (h^g) 
where 
n = 0.3 for cooling 
= 0.4 for heating 
(V1.15) 
The calculation of , ^ Nu(D) ^12 shown in 
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Aqpendix B with all water properties being evaluated at the 
bulk temperature of the fluid. The values of h^2 calcu­
lated on the basis of the above equation were, as would be 
expected, very close to those obtained by using the McAdams 
( 38) equation. 
= 0.023 (VI.16) 
Kb Pg JC B 
or the Colburn equation 
«NU(D) = 
Table (4) of Appendix (C) shows the values of, h^g 
obtained by using the above equations. 
The calculation of the outside film coefficient, h^g 




The fluid properties subscripted by f were to be evalua­
ted at the film temperature, t^, which was the arithmetic 
mean of the pipe outside surface temperature, tg, and the 
water bath temperature, t^^. Due to the high degree of 
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agitation maintained in the water bath, and the thick layer 
of concrete surrounding the polyethylene pipes, the average 
temperature of the outside film was assumed to be equal 
to the water bath temperature. 
In the experiments where plain polyethylene pipes were 
used, the horizontal water bath-agitation were made 5 feet 
long with 3/4 holes drilled along the inner side at 6 inches 
spacing. The depth of the water bath was maintained at 6 
inches at all times. These steps were taken in order to 
maintain a higher degree of water bath agitation, and thus 
justify the aforementioned assumptions made for the film 
temperature. 
The calculations of h^g for the concrete-polyethylene 
pipes and h^^ for the plain polyethylene pipes are shown in 
Appendix (C) with all fluid properties being evaluated at 
the average waterbath temperature of 75.0°P. 
The outside film coefficients for the plain and the 
concrete-polyethylene pipes were also calculated from the 
equation developed by Paild (44). 
As can be seen from Appendix (C), the values of film 
coefficients obtained from this equation agreed very closely 
with those calculated using McAdams' equation. 
^Nu(D)~(0*35 + 0.56 (Nj^^j^j 
0.52 0.3 
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The concrete used had a specific weight of 142 Ib/cu 
ft and a thermal conductivity, value of 2,0 btu/hr-
ft-*F. This value was obtained from the curve developed 
by Brewer (17) for the thermal conductivity of saturated 
concrete. 
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VII. RESULTS AND DISCUSSIONS 
A. Findings 
The data obtained on the thermal conductivity of poly­
ethylene pipes embedded in concrete at the various tested 
combinations of circulated water temperatures and pressures 
are summarized in Appendix (E) , Tables (ll'-19). The effect 
of circulated water temperature on the thermal conductivity 
of the different polyethylene pipes embedded in concrete 
is shown in Figures (22-30). The curves generated from the 
data indicate that the thermal conductivity of polyethylene 
in concrete decreases as the temperature of the circulated 
water is increased. This phenomenon is exhibited by all 
pipes tested. The rate of decrease of the thermal conductivity 
of polyethylene in concrete, in all cases, tends to increase 
as the temperature of the circulated water is increased be­
yond 100®F. Moreover, the curves indicate that the pressure 
of the circulated water, up to 50 psi, has no effect on the 
thermal conductivity of the polyethylene alone. 
Figure (34) shows the average thermal conductivity of 
the three pipes of each of the three densities plotted 
against the temperature of the circulated water. The result-
3 ing curves show that the high density, 0.958 gm/cm , poly­
ethylene pipes has the highest values of thermal conductivity 
at all tested temperatures, the low density, 0.922 gm/cm^, 
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polyethylene pipes has the lowest values, and the thermal 
3 
conductivity of the medium density, 0.939 gm/cm , pipes 
occupied an intermediate position. The differences among 
the average thermal conductivities of the three resins re­
mained almost constant over the tested range of temperatures. 
The data from the experiments conducted on the plain 
polyethylene pipes are shown in Appendix (E), Tables (20-28) 
and Figures (31-33). Figure (34) show the effect of circu­
lated water temperature on the thermal conductivity of both 
the plain and the embedded pipes. The curves shown indicate 
that the thermal conductivity of plain polyethylene pipe 
is higher than when embedded in concrete. The difference 
in conductivity appears to be greater at low circulation 
temperature and decrease as the temperature is increased. 
The data on alternate cycling of cold and hot water 
through the embedded pipes is summarized in Appendix (E), 
Tables (29-34) and shown graphically in Figure (35). The 
curves shown indicate that alternate circulation of 150®F 
and 35®F water, each for two hours, and for 20 cycles does not 
change the thermal conductivity of embedded polyethylene pipes. 
B. Statistical Analyses 
Statistical analyses were conducted in order to determine 
the significance of the aforementioned findings. Analyses 
were made for the effects of type of pipe, presence of 
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concrete, circulated water temperature, circulated water 
pressure and the alternate cycling of cold and hot water 
on the thermal conductivity of polyethylene. 
The effects of the type of pipe, and the circulated 
water temperature and pressure were tested according to the 
model 
K = * P  +  P r  +  T  +  P x P r  +  P x T  +  P r x T  +  E  
where : 
K « Thermal conductivity of polyethylene 
P =» Pipe effect 
Pr = Pressure effect 
T = Temperature effect 
E = Error 
The effects of higher order combinations of these 
three factors were ignored. The resulting analysis of 
variance is summarized in Table (2). 
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Table 2. Statistical analysis of the effects of type of 
pipe and the temperature and pressure of the circu­
lated water on the thermal conductivity of poly­
ethylene pipes embedded in concrete 
Source D.P. Sum of Squares 
Mean 
Square P value Prob > F 
P 8 1.363709 0.170463 926.168 0.0001 ** 
Pr 3 0.0004034 0.000134 0.7306 0.5369 
PxPr 24 0.004234 0.000176 0.958 0.5200 
T 5 0.7880 0.157604 856.301 0.0001 ** 
PxT 40 0.7880 0.157604 856.301 0.0001 ** 
PrxT 15 0.002068 0.000138 0.74937 0.7357 
Res id 1280 0.198776 0.000184 
Total 
Indicates significance at the 1% level. 
This Emalysis indicated that the effects of the type of 
pipe and the temperature of the circulated water, the inter­
action between them, were significant at the 1% level. The 
effect of the circulated water pressure was insignificant 
even at the level of 25%. 
The effect of the type of pipe was further subdivided 
into density effect and wall thickness effect. The resulting 
analysis of variance is shown in Table (3). 
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Table 3. Analysis of variance for the effects of pipe 
density emd wall thickness on the thermal 
conductivity of polyethylene pipes embedded in 
concrete 
Source D.F. Sum of 
Squares 
Mean 
Square P value Prob > F 
D 2 1.3580 0.679 3588.965 0.0001** 
W 2 0.00367 0.00183 9.696 0.0002 ** 
T 5 0.788 1.576 832.993 0.0001** 
DxW 4 0.001957 0.000489 2.586 0.035 
DxT 10 0.021495 0.0021495 11.3611 0.0001** 
WxT 10 0.09382 0.0009382 4.9588 0.0001** 
Resid 1262 2.18907 0.000189 
Total 1295 2.4241 0.0018718 
ic ic 
Indicates significance at 1% level. 
The analysis was done according to the model 
K=D+W+T+ DxW + DxT + WxT + E 
where : 
D = effect of the resin density 
W = effect of wall thickness 
All the tested factors and their interactions showed 
significant effect on the thermal conductivity of poly­
ethylene at the 1% level, except for the interaction between 
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density and wall thickness which was significant at the 5% 
level. 
The differences between the thermal conductivities of 
plain polyethylene pipe and those embedded in concrete were 
tested according to the model 
K = C + P + T +  C x P  +  C x T  +  P x T  +  E  
where : 
C = effect of concrete. 
The resulting analysis of variance is shown in Table 
(4). 
Table 4. Analysis of variance for the differences between 
the thermal conductivities of plain pipes and 
those embedded in concrete 
Source D.P. Sum of Squares 
Mean 
Square F value Prob > F 
C 1 0.0736 0.0736 910.04 0.0001** 
P 8 0.7115 0.08894 1099.75 0.0001** 
T 5 0.4422 0.08844 1093.56 0.0001** 
CxP 8 0.00159 0.0001988 2.459 0.0128 
CxT 5 0.005516 0.0011033 13.64 0.0001** 
PxT 40 0.008209 0.000205 2.5377 0.0001** 
Resid 580 0.04367 0.0000808 
Total 647 1.29249 0.001997 
** 
Indicates significance at the 1% level. 
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All tested factors and their interactions were signifi­
cant at the 1% level, except for the effect of the inter­
action between concrete and pipes which was significant at 
the 5% level. 
The statistical analysis of the effect of the alternate 
cycling of hot and cold water on the thermal conductivity of 
polyethylene was done on the basis of the following model 
K = C y  +  D  +  W  +  T  +  E  
Table (5) shows the analysis of variance obtained. 
Table 5. Analysis of variance for the effect of alternate 
cycling of hot and cold water on the thermal 
conductivity of polyethylene 
Source D.P. Sum of Squares 
Mean 
Square F value Prob > F 
Cy 2 0.00002047 0.0001023 0 .03924 0.9618 
D 2 0.33241 0.166207 637 .232 0.0001 
W 1 0.000238 0.000238 1742 .841 
T 1 0.4546 0.4546 0.0001 
Residual 281 0.07095 0.0002608 
Total 287 0.865557 0.003016 
87 
C. Discussion 
The variation of the thermal conductivity of poly­
ethylene with the temperature of the circulated water agrees 
with the findings of Kline (23) for low density polyethylene. 
However, the values of thermal conductivity of low density 
polyethylene obtained at low temperatures were higher than 
those he reported. 
The differences between the thermal conductivities of 
plain polyethylene pipes and these same pipes embedded in 
concrete suggest that a thermal resistance develops at the 
interface between the concrete and the embedded pipes. How­
ever, its effect is insufficient to reverse a net increase 
in conductivity with decreasing temperature. This thermal 
resistance is maximum when circulated water is at 35®F and 
decreases as the temperature is increased beyond 100®F it is 
believed to be caused by the differential in contraction 
of the concrete and the polyethylene combined with a change 
in plasticity of the polyethylene. Since the coefficient of 
thermal expansion for polyethylene is about ten times that 
of concrete, it contracts more than the concrete as the 
temperature of the circulated water is reduced. The lack 
of bond between the concrete and polyethylene permits a gap 
to be created at their interface as the temperature of the 
circulated water is reduced below the temperature at which 
the concrete was cured. As each concrete pipe was sprayed 
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with concrete sealer and the ends were sealed by asphalt-
based shredded cork insulation, no water from the waterbath 
can enter the gap thus formed. This leaves the gap which 
is surmized to be filled with water vapor (from the concrete) 
which, in turn, forms a thin layer of insulation at the poly-
ethylene-concrete interface. As shown in ligures (21-29), 
increasing the pressure of 35®F circulated water up to 50 
p.s.i. failed to eliminate the thermal resistance. 
The thermal conductivities of the embedded polyethylene 
pipes approach those of the same plain pipes as the tempera­
ture of the circulated water is increased. This phenomenon 
suggests that the thermal resistance at the interface be­
tween concrete and polyethylene diminishes as the pipe 
expands and presses against the concrete. Thus higher 
pressures are not required to force the polyethylene pipe 
against the concrete. 
The alternate cycling of 35°F and 150*F water each for 
two hours seems to have no effect on the thermal conductivity 
of embedded polyethylene up through the 20 cycles tried. 
In floor heating, or cooling, systems, the water circu­
lation coils are usually laid at a depth of 2-3 inches as 
a compromise between deeper embedment and thus more uniform 
surface temperature and floor thickness. In such systems, 
the rate of heat flow between the circulated water and the 
surface of the floor becomes limited by the thermal 
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conductivity of the concrete and the film coefficient of the 
air above the floor rather than by the thermal conductivity 
of the pipe used in the coil. To illustrate this point 
a section of a floor heating system, shown in Figure (35), 
is considered with the following assumptions. 
1. Water at a temperature, t^^, of 150®P is circulated 
through the pipe at a rate of 2.0 g.p.m. In this case, the 
inside film coefficient, h^gf is computed as 472.31 but/hr-
ft?-°F (see Appendix (C) ) . 
2. The pipe is 3/4 inch in diameter and is laid at a 
depth, D, of 3 inches. 
3. The concrete floor has a thermal conductivity, 
of 1.0 btu/hr-ft-®P. 
4. The velocity of air flow above the concrete is about 
100 g.p.m. Using the equation developed by Gennings (57), 
the film coefficient, h^g, of the air above the floor will be 
h^5 = 2,0 + 0.4 V 
where 
V = air velocity in mph 
h^5 = 2.0 + 0.4 X 1.12 
= 2.448 btu/hr-ft^-'F 
5. The temperature of the air immediately above the 
floor, tg, is maintained at 85°F. 
6. The sides of the section are insulated in such a way 
Figure 21. An illustration of the heat flow in a section 




as to allow only upwards heat flow. This is to approximate 
the situation of a floor panel where lateral heat flow is 
negligible. 
7. The geometry of the section is such that the surface 
of the pipe included in the section can be assumed flat. 
Under these conditions, the rate of upward heat flow, 
q, will be 
A (t,-tg) 
"12 ^pipe ^co *45 
Ag (150-85) 
1 . T . / 3,.. 1 , 1 
472.31 ^ 1.0 2.448 
65A„ 
= (VII.2) 
0.6601 + ^  
pipe 
where A„ = surface area of section. 
s 
Equation (VII.2) will be solved under three cases. 
1. The pipe used is copper having a wall thickness of 
0.065 inch and a thermal conductivity, k . , of 223 bta/hr-pxpe 
ft-®F. Substituting in Equation (VII.2) and solving for q 
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65Ag 
0.6601 + irffi X 
65A^ 
0.66013 
= 98.5 Ag but/hr-ft-°F (VII.3) 
2. The pipe used is a high density polyethylene with 
a thermal conductivity, k . , of 0.17 but/hr-ft-°F, and 
pipe 
a wall thickness of 0.065 in. 
Substituting in Equation (VII.2) and solving for q. 
65Ag 
^ 0.6601 + X ïY 
65Ag 
0.692 
= 94.0 A„ (VII.4) 
S 
3. No pipe is used. Water is circulated through a 
smooth walled 3/4 inch hole formed in the concrete. In 
this case Equation (VII.2) becomes 
_ 
^ 0.6601 
= 98.5 Ag (VII.5) 
A comparison of Equations (VII.3), (VII.4) and (VII.5) 
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indicates that the use of polyethylene pipe has reduced the 
heat flow by 4.65% as compared to the case of no pipe. The 
use of copper pipe on the other hand does not have a signifi­
cant effect on the heat flow when compared with the no pipe 
case. 
The use of a high conductivity pipe will show a measur­
able advantage, therefore, only when the pipes are buried 
at a much shallower than normal depth or where a high air 
velocity is created at the floor surface to increase the 
air film coefficient. For example, if the pipes are laid 
at a depth of 1/2 inch and the air velocity above the floor 
is increased to 1200 fpm, the increase in heat flow due to the 
use of copper pipes will go up to 8.6% as compared to the 
use of polyethylene. The shallow depth of pipes, however, 
will create very uneven and an undesirable high floor 
surface temperature while the high air velocity will result 
in air drafts within the structure. 
D. Supplemental Observations 
So as to obtain an idea about the magnitude of the 
physical bond between polyethylene pipes and concrete, the 
force required to pull polyethylene pipes from one-ft long 
sections of concrete-polyethylene pipes was measured at 
various temperatures ranging from 30.5 to 152.0®F. The data 
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obtained are summarized in Table (35)of Appendix (P) and 
shown graphically in Figure (36). 
The data reveal that the physical bond increases from 
25 lb/ft length at 30.5°F to 115 lb/ft length at 152.0®F. 
These findings agree with the expectations based on 
the results of the thermal conductivity experiments. 
The higher rate of contraction of polyethylene at low 
temperatures separates the pipes from the concrete and thus 
reduces the heat transfer and friction at the interface. 
At higher temperatures, on the other hand, the pipes expand 
and come in intimate contact with the concrete. Thus the 
friction and the heat transfer between the two materials 




The thermal conductivity of polyethylene pipes varies 
with density of the resin and the temperature of the 
fluid circulated through the pipes. Plain polyethylene 
3 pipes of the density 0.958 gm/cm gave the highest 
thermal conductivity of 0.276 btu/hr-ft-®F at a circu­
lation water temperature of 35®F, while the lowest 
value (0.119 btu/hr-ft-®P was obtained with polyethylene 
3 
pipes of 0.922 gm/cm density at 150®P. 
Thermal conductivity of polyethylene pipes embedded in 
concrete followed a similar pattern. The highest 
value of thermal conductivity (0.251 btu/hr-ft-*F was 
obtained with polyethylene of the density 0.958 gm/cm^ 
at 35®P, while the low density polyethylene (0.922 
3 gm/cm ) gave the lowest value of (0.096 btu/hr-ft-®F 
at 150°F. 
A thermal resistance develops at the interface between 
concrete and polyethylene, thus reducing the heat flow 
across their combined wall. This thermal resistance 
tends to increase at low temperatures and increasing the 
circulated water pressure up to 50 p.s.i. failed to 
affect that thermal resistance. However its effect is 
Insufficient to reverse a net increase in conductivity 
with decreasing temperature. 
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4. The alternate circulation of hot and cold water, each 
for two hours, and up through 20 cycles, seems to have 
no effect on the thermal conductivity of embedded poly­
ethylene pipe. 
5. Theoretical calculations based on the results obtained 
indicate that if high density thin wall polyethylene 
pipes are laid at a depth of 3 inches in a floor heating 
system, the heat flow will be reduced by 4-5% as com­
pared to using copper pipes. 
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APPENDIX A; CALIBRATION OF THE 
FLOW METER 
Table 6. Readings of the flow meters and the weight of water collected during 
various periods of time 
Meter (A) Meter (B) 
Cold Water Hot Water Cold Water Hot Water 
e 52.3»F e 143.7*F 0 52.5»F @ 145.2*F 
Time Wt of Reading Wt of Reading Wt of Reading Wt of Reading 
Water of Water of Water of Water of 
Collected Meter Collected Meter Collected Meter Collected Meter 
(lb) (g pm) (lb) (g pm) (lb) (g pm) (lb) (g pm) 
4 min 16.60 0.5 16.55 0.5 16.70 0.5 16.75 0.5 
2 min 16.70 1.0 16.75 1.0 16.70 1.0 16.70 1.0 
1 min 16.60 2.0 16.60 2.0 16.65 2.0 16.65 2.0 
40 sec 16.75 3.0 16.65 3.0 16.75 3.0 16.65 3.0 
30 sec 16.65 4.0 16.70 4.0 16.65 4.0 16.70 4.0 
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XII. APPENDIX B: CALIBRATION OF THE 
THERMOCOUPLES 
Table 7. Calibration of thermocouples before conducting the thermal conductivity 
experiments (readings of thermocouples are in millivolts) 
Readings of thermocouples (in m.v.) at temp, of 
cowles 37.0°F 42.0*P 50.0°F 70.0*F 82.CF 120.0°F 167.0°F 179.0°F 212.0°? 
1 0. 000 0.107 0.198 0. 390 0. 830 1.268 1. 987 3. 119 3. 437 4 .222 
2 0. 001 0.106 0.195 0. 389 0. 832 1.265 1. 988 3. 120 3. 439 4 .220 
3 0. 000 0.107 0.200 0. 388 0. 831 1.269 1. 987 3. 116 3. 438 4 .225 
4 0. 002 0.105 0.197 0. 387 0. 832 1.268 1. 989 3. 118 3. 437 4 .220 
5 0. 000 0.106 0.201 0. 389 0. 832 1.269 1. 986 3. 121 3. 435 4 .219 
6 -0. 001 0.099 0.199 0. 388 0. 831 1.268 1. 987 3. 117 3. 438 4 .222 
7 0. 003 0.102 0.198 0. 387 0. 832 1.270 1. 986 3. 115 3. 436 4 .223 
8 0. 002 0.105 0.198 0. 389 0. 830 1.271 1. 987 3. 119 3. 437 4 .221 
9 0. 001 0.103 0.200 0. 389 0. 832 1.269 1. 986 3. 116 3. 439 4 .225 
10 0. 002 0.107 0.198 0. 390 0. 831 1.269 1. 988 3. 119 3. 438 4 .222 
11 -0. 001 0.106 0.197 0. 389 0. 833 1.268 1. 986 3. 115 3. 439 4 .226 
12 0. 001 0.107 0.196 0. 388 0. 832 1.271 1. 985 3. 118 3. 437 4 .225 
Table 8. Calibration of thermocouples after conducting the thermal conductivity 
experiments (readings of thermocouples are in millivolts) 
Readings of thermocouples (in m.v.) 0 temp, of " 
32.0®P 40.0»F 51.0°F 65.0®F 81.0*F 102.0*F 140.0°F 163.0*F 187.CF 212.0°F 
1 0. 000 0.172 0.412 0.720 1. 082 1. 562 2 .466 3. 033 3. 635 4 .279 
2 -0. 000 0.171 0.411 0.720 1. 080 1. 563 2 .467 3. 031 3. 637 4 .277 
3 0. 002 0.170 0.410 0.723 1. 081 1. 561 2 .468 3. 033 3. 636 4 .278 
4 0. 001 0.173 0.411 0.721 1. 080 1. 562 2 .467 3. 030 3. 635 4 .277 
5 0. 000 0.170 0.412 0.720 1. 079 1. 561 2 .467 3. 031 3. 635 4 .279 
6 0. 002 0.171 0.413 0.719 1. 081 1. 563 2 .466 3. 032 3. 636 4 .277 
7 0. 001 0.170 0.411 0.721 1. 082 1. 561 2 .467 3. 033 3. 637 4 .277 
8 -0. 000 0.173 0.409 0.720 1. 081 1. 562 2 .468 3. 032 3. 634 4 .277 
9 0. 001 0.172 0.412 0.721 1. 082 1. 561 2 .466 3. 032 3. 637 4 .278 
10 0. 001 0.170 0.411 0.721 1. 083 1. 560 2 .467 3. 031 3. 636 4 .279 
11 0. 000 0.171 0.413 0.722 1. 081 1. 563 2 .466 3. 033 3. 635 4 .277 
12 0. 002 0.169 0.412 0.721 1. 800 1. 561 2 .468 3. 032 3. 635 4 .278 
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XIII. APPENDIX C: CALCULATION OF THE 
FILM COEFFICIENTS 
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1. Calculation of the inside film coefficient. 
Plow rate of circulated water = 2,0 gpm 
Volumetric flow rate (Q) = 2.0 x .1337 
= 0.2674 cu ft per min 
= 16.01 cu ft per hr 
Cross-sectional area (A) of thé polyethylene pipe 
7r (.824) 
= T 12 
= 0.0037 sq ft 
Velocity of flow (v) 










The kinematic viscosity (v)  is a function of the tempera­
ture of the circulated water. The different values of (v)  
and the corresponding (N^^) are shown in Table (9). 
Nusselt numbers (g)) is calculated using McAdams' 
equation 
109 
&U(D) - (KRd(D)' ' (Hpr)" (2) 
where 
n = 0.4 for heating 
= 0.3 for cooling 
hi, = 
The values of Reynold's number, and Prandtl 
Number, Np^, depend on the temperature of the circulated water 
as shown in Table (9). 
Table 9. Properties of the circulated water and the calculated 
values of the inside film coefficient, 
k r 
Temp. Npj. ^^2 ^Rd(D) ^Nu(D) ^12 
Hr-ft-'F "Er 
35 13. 00 0. 327 0 .0694 4282 .23 51. 600 191. 480 
45 10. 38 0. 335 0 .0554 5364 .516 54. 2754 211. 840 
100 4. 04 0. 364 0 .0266 11722 .70 69. 6323 369. 474 
125 3. 65 0. 373 0 .0271 14085 .04 80. 473 450. 918 
140 3. 01 0. 378 0 .0186 15978 .12 82. 410 473. 557 
150 2. 72 0. 381 0 .0170 17482 .02 85. 04 472. 312 
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2. Calculation of the outside film coefficient, h^g, 
for the concrete-polyethylene pipes: 
Rate of water flow across the pipe = 170.0 gpm 
Volumetric rate of flow (Q) = 170 x ,1337 = 22.7 cu ft/min 
= 1365 cu ft/hr 
Cross-sectional area of flow (A) =2x2 = 24 sq ft 
Velocity of flow (v) = ^24^ ~ 57.0 ft/hr 






V @ 75«F = 0.0346 ft^/hr 
D_ = 3 inch = .25 ft 
o 
Nm(D) = 
Nusselt number is calculated using two equations 
a. McAdam's equation 
^Nu(D) (^Rd (D) ^ ^^Pr^ 
b. Fand's equation 
"nu(D) = + -56 (NRa(D))-'V>°'' 
(Npr) @ 75®F a = 6.33 (for both equations) 





K @ 75 = .352 B+u 
hr-ft-°F 
The values of h^g obtained using McAdam's and land's 
equations are: 
h.c (McAdam's) = 31.947 ^ 
hr-ft -°F 
h.c (Fand's) = 32.339 — 
hr-ft -*F 
3. Calculation of the outside film coefficient (h^^) 
for the plain polyethylene pipes. 
Rate of water flow across the pipes = 170.0 g pm 
Volumetric rate of flow (Q) = 170.0 x 0.1337 
= 22.7 cu ft/min 
= 1362 cu ft/hr 
Cross-sectional area of flow (A) = 1/2 x 5 = 2.5 sq ft. 
1 '^62 
Velocity of flow (v) = g .'g' 
= 545.4 ft/hr 
V X D  
Reynold's number = — 
545.4 X D 
V 




^Rd(D) " 0.0346 
= 15750 X . 
Nusselt number is calculated using the McAdams equation 
referred to before. The outside film coefficient, h^^, is 
calculated from the equation 
(D_) 
h = Nu(D) ^"o^ 
^34 k 
The values of h^^ obtained for the different outside 
diameters (D^) of the polyethylene pipes are shown in Table 
(10) . 
Table 10. Calculated outside film. Coefficients h.. for 
the plain polyethylene pipes 
Pipe °*^inch ^Rd(D) ^Nu(D) ^34 
A 0.954 1308.0337 45.247 200.592 
B 0.988 1357.45581 46.265 197.638 
C 1.070 1469.4787 48.520 191.468 
D 0.968 1327.8027 45.656 199.392 
E 1.008 1423.5281 47.251 196.200 
P 1.068 1466.1843 48.454 191.640 
G 0.934 1280.028 44.663 202.336 
H 0.944 1294.8549 44.973 201.406 
I 0.954 1308.0337 45.247 200.592 
113 
XIV. APPENDIX D: PRELIMINARY CALCULATIONS FOR THE 
THERMAL CONDUCTIVITY, k 
114 
1. Calculation of the mass flow rate of the circulated 
water ; 
Flow rate through pipes = 2.0 g pm 
Mass flow rate (m) = 2.0 (g pm) x 60 x ^^gal^ 
= 1000.0 Ib/hr 
2. Calculation of the outside surface area of concrete 
polyethylene pipes 
outside diameter of pipe (D^) = 3 inches 
= .25 ft 
length of pipe (L) =7 ft 
outside surface area of pipe (A) is 
A = TT D^L 
o 
5= IT X .25 X 7 
= 5.495 sq. ft. 
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APPENDIX E: SUMMARY OF THE 
THERMAL CONDUCTIVITY DATA 
TABLE(ll) HEAT TRANSFER COEFFICIENT OF POLYETHYLENE PIPE (AI EMBEDDED IN CONCRETE 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
• • « TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
• • • DEC.F PS I DEC.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.12 10.00 35.00 32.89 33.95 5.193 " 0.257 
2 75.12 10.00 35.00 34.22 35.27 5.213 0.260 
3 75.12 10.00 35.00 35.49 36.52 5.080 0.242 
4 75.12 10.00 35.00 36.71 37.73 5.091 0.244 
5 75.12 10.00 35.00 37.88 38.90 5.253 0.265 
6 75.12 10.00 35.00 39.11 40.12 5.276 0.268 
1 75.10 25.00 35.00 32.76 33.83 5.328 0.276 
2 75.10 25.00 35.00 34.08 35.13 5.198 0.258 
3 75.10 25.00 35.00 35. 34 36.38 5.212 0.260 
4 75.10 25.00 35.00 36. 57 37. 59 5.075 0.242 
5 75.10 25.00 35.00 37.74 38.74 4.933 0.225 
6 75.10 25.00 35.00 38.95 39.95 5.100 0.245 
1 75.07 40.00 35.00 33.13 34.20 5.380 0.284 
2 75.07 40.00 35.00 34.43 35.47 5.098 0.244 
3 75.07 40.00 35. 00 35.69 36. 72 5.112 0.246 
4 75.07 40.00 35.00 36.92 37.94 5.126 0.248 
5 75.07 40.00 35.00 38. 09 39.10 5.136 0.249 
6 75.07 40.00 35.00 39.32 40.32 5.158 0.252 
I 75.03 50.00 35.00 32.91 33.96 5.060 0.240 
2 75.03 50.00 35.00 34.22 35.28 5.376 0.283 
3 75.03 50.00 35.00 35.48 36.51 5.090 0.243 
4 75.03 50.00 35.00 36.71 37.74 5.256 0.266 
5 75.03 50.00 35.00 37.91 38.93 5.270 0.268 
6 75.03 50.00 35.00 39.12 40.12 5.135 0.249 
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TABLE Cil) .CONTINUED 
1 74.93 10.00 100.00 102.73 
2 74.93 10.00 100.00 101.62 
3 74.93 10.00 100.00 100.51 
4 74.93 10.00 100.00 99.48 
5 74.93 10.00 100.00 98.44 
6 74.93 10.00 100.00 97.44 
1 74.98 25.00 100.00 102.92 
2 74.98 25.00 100.00 101.81 
3 74.98 25.00 100.00 100.72 
4 74.98 25.00 100.00 99.71 
5 74.98 25.00 100.00 98.69 
6 74.98 25.00 100.00 97.68 
1 75.01 40.00 100.00 103.11 
2 75.01 40.00 100.00 101.98 
3 75.01 40.00 100.00 100.86 
4 75.01 40.00 100.00 99.83 
5 75.01 40.00 100.00 98.82 
6 75.01 40.00 100.00 97.83 
1 75.04 50.00 100.00 102.81 
2 75.04 50.00 100.00 101.71 
3 75.04 50.00 100.00 100.61 
4 75.04 50.00 100.00 99.59 
5 75.04 50.00 100.00 98.57 
6 75.04 50.00 100.00 97.58 
101.80 5.351 0.245 
100.71 5.223 0.231 
99.61 5.275 0.236 
98.60 5.140 0.222 
97.56 5.371 0.247 
96.59 5.057 0.213 
102.00 5.153 0.223 
100.89 5.370 0.247 
99.83 5.068 0.215 
98.84 4.929 0.201 
97.82 5.145 0.222 
96.83 5.013 0.209 
102.17 5.466 0.259 
101.05 5.518 0.265 
99.95 5.396 0.250 
98.95 5.083 0.216 
97.97 4.775 0.188 
96.99 4.812 0.191 
101.88 5.357 0.246 
100.80 5.227 0.231 
99.71 5.277 0.237 
98.71 5.140 0.222 
97.70 5.185 0.227 
96.73 5.050 0.213 
TABLE (111 CONTINUED 
1 75.08 10.00 
2 75.08 10.00 
3 75.08 10.00 
4 75.08 10.00 
5 75.08 10.00 
6 75.08 10.00 
1 74. 85 25.00 
2 74.85 25.00 
3 74.85 25.00 
4 74.85 25.00 
5 74.85 25.00 
6 74.85 25.00 
1 74.90 40.00 
2 74.90 40.00 
3 74.90 40.00 
4 74.90 40.00 
5 74.90 40.00 
6 74.90 40.00 
1 75.03 50.00 
2 75.03 50.00 
3 75.03 50.00 
4 75.03 50.00 
5 75.03 50.00 

























127.20 5.248 0.229 
125.80 4.981 0.203 
124.32 5.268 0.231 
122.92 5.138 0.218 
121.56 5.007 0.205 
120.15 5.162 0.220 
127.28 5.083 0.212 
125.86 5.087 0.213 
124.42 4.961 0.201 
123.04 4.832 0.190 
121.63 5.253 0.229 
120.29 4.845 0.191 
127.06 5.244 0.228 
125.63 5.115 0.215 
124.23 4.852 0.191 
122.83 4.992 0.204 
121.46 4.999 0.204 
120.04 5.154 0.219 
127.40 4.956 0.200 
125.98 4.959 0. 201 
124.52 5.104 0.214 
123.13 5.111 0.215 
121.73 5.122 0.216 
120.35 4.995 0.204 
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TABLE (11) CONTINUED 
1 74*98 10.00 
2 74.98 10.00 
3 74.98 10.00 
4 74.98 10.00 
5 74.98 10.00 
6 74.98 10.00 
1 75.01 25.00 
2 75.01 25.00 
3 75.01 25.00 
4 75.01 25.00 
5 75.01 25.00 
6 75.01 25.00 
1 75.05 40.00 
2 75.05 40.00 
3 75.05 40.00 
4 75.05 40.00 
5 75.05 40.00 
6 75.05 40.00 
1 75.10 50.00 
2 75.10 50.00 
3 75.10 50.00 
4 75.10 50.00 
5 75.10 50.00 
6 75.10 50.00 
150. 00 154. 53 
150. 00 152. 74 
150.00 150. 97 
150. 00 149. 24 
150. 00 147. 58 
150. 00 145. 90 
150. 00 154. 83 
150. 00 153. 05 
150. 00 151. 29 
150. 00 149. 57 
150.00 147. 91 
150. 00 146. 24 
150. 00 154. 74 
150. 00 152. 95 
150. 00 151. 21 
150. 00 149. 51 
150. 00 147. 89 
150. 00 146. 20 
150. 00 154.89 
150. 00 153. 11 
150. 00 151. 34 
150. 00 149. 62 
150. 00 147. 95 
150. 00 146. 26 
153.26 4.719 0.179 
151.49 4.604 0.170 
149.72 4.712 0.179 
148.01 4.594 0.169 
146.35 4.700 0. 178 
144.68 4.696 0.177 
153.57 4.593 0.169 
151.80 4.587 0.169 
150.04 4.694 0.177 
148.33 4.688 0.177 
146.69 4.567 0.167 
145.04 4.448 0.159 
153.47 4.711 0.178 
151.71 4.486 0.162 
149.98 4.479 0.161 
148.27 4.695 0.177 
146.63 4.459 0.160 
144.98 4.680 0.176 
153.64 4.486 0.162 
151.85 4.700 0.178 
150.10 4.584 0.169 
148.39 4.578 0.168 
146.72 4.684 0.176 
145.05 4.565 0.167 
TABLE(12) HEAT TRANSFER COEFFICIENT OF POLYETHYLENE PIPE (B) EMBEDDED IN CONCRETE 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
• • • TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. C0EF.(U; COEFF.fKI 
# # e OEGoF PSI DEG.F IN OUT B/HR-SQFT- F 8/HR-FT- F 
1 75.13 10.00 35.00 33.12 34.16 4.929 0.274 
2 75.13 10.00 35.00 34.43 35.45 4.801 0.257 
3 75.13 10.00 35.00 35.68 36.68 4.668 0.241 
4 75.13 10.00 35.00 36. 89 37.88 4.674 0.241 
5 75.13 10.00 35.00 38.06 39.03 4.536 0.226 
6 75.13 10.00 35.00 39.27 40.25 4.838 0.262 
1 75.10 25.00 35.00 32.87 33.90 4.763 0.252 
2 75. 10 25.00 35.00 34.16 35.21 4.917 0.272 
3 75.10 25.00 35.00 35.41 36.43 4.925 0.273 
4 75.10 25.00 35.00 36.61 37.61 4.786 0.255 
5 75. 10 25.00 35.00 37.79 38.78 4.792 0.256 
6 75.10 25.00 35.00 38.98 39.95 4.657 0.239 
1 75.06 40.00 35.00 32.59 33.62 4.736 0.249 
2 75.06 40.00 35.00 33.86 34.87 4.603 0.233 
3 75.06 40.00 35.00 35.11 36.13 4.892 0.269 
4 75.06 40.00 35.00 36.32 37.32 4.755 0.251 
5 75.06 40.00 35. 00 37.51 38.49 4.618 0.235 
6 75.06 40.00 35.00 38.70 39.66 4.483 0.220 
1 75.02 50.00 35.00 33.10 34.14 4.940 0.275 
2 75.02 50.00 35.00 34.36 35.37 4.665 0.240 
3 75.02 50.00 35.00 35.57 36. 56 4.529 0.225 
4 75.02 50.00 35. 00 36.75 37.73 4.530 0.225 
5 75.02 50.00 35.00 37.90 38.86 4.390 0.211 
6 75.02 50.00 35.00 39.07 40.03 4.535 0.226 
TABLE (12) CONTINUED 
1 74.96 10.00 
2 74.96 10.00 
3 74.96 10.00 
4 74.96 10.00 
5 74.96 10.00 
6 74.96 10.00 
1 74.92 25.00 
2 74.92 25.00 
3 74.92 25.00 
4 74.92 25.00 
5 74.92 25.00 
6 74.92 25.00 
1 75.15 40.00 
2 75.15 40.00 
3 75.15 40.00 
4 75.15 40.00 
5 75.15 40.00 
6 75.15 40.00 
1 75.10 50.00 
2 75.10 50.00 
3 75.10 50.00 
4 75.10 50.00 
5 75.10 50.00 
6 75.10 50.00 
45. 00 42. 43 
45. 00 43. 56 
45. 00 44. 67 
45. 00 45. 77 
45. 00 46. 83 
45. 00 47. 91 
45. 00 42. 23 
45. 00 43. 36 
45. 00 44. 50 
45. 00 45. 58 
45. 00 46. 65 
45. 00 47. 74 
45. 00 42. 41 
45. 00 43. 57 
45. 00 44. 69 
45. 00 45. 81 
45. 00 46. 87 
45. 00 47. 95 
45. 00 42. 15 
45. 00 43. 30 
45. 00 44. 40 
45. 00 45. 52 
45. 00 46. 56 









































































TABLE (12) CONTINUED 
1 74,97 10.00 
2 74.97 10.00 
3 74.97 10.00 
4 74.97 10.00 
5 74.97 10.00 
6 74.97 10.00 
1 75.02 25.00 
2 75.02 25.00 
3 75.02 25.00 
4 75.02 25.00 
5 57.02 25.00 
6 75.02 25.00 
1 75.09 40.00 
2 75.09 40.00 
3 75.09 40.00 
4 75.09 40.00 
5 75.09 40.00 
6 75.09 40.00 
1 75.13 50.00 
2 75.13 50.00 
3 75.13 50.00 
4 75.13 50.00 
5 75.13 50.00 
6 75.13 50.00 
100. 00 102. 86 
100. 00 101. 77 
100. 00 100. 67 
100. 00 99. 66 
100. 00 98. 66 
100. 00 97. 66 
100. 00 102. 92 
100. 00 101. 81 
100. 00 100. 72 
100. 00 99. 72 
100. 00 98. 73 
100. 00 97. 72 
100. 00 103. 18 
100. 00 102. 07 
100. 00 100. 99 
100. 00 99. 98 
100. 00 98. 98 
100. 00 97. 99 
100. 00 102. 76 
100. 00 101. 66 
100. 00 100. 58 
100. 00 99. 56 
100. 00 98. 54 









































































TABLE (12) CONTINUED 
1 74.91 10.00 125.00 129. 
2 74.91 10.00 125.00 127. 
3 74.91 10.00 125.00 126. 
4 74.91 10.00 125.00 124. 
5 74.91 10.00 125.00 123. 
6 74.91 10.00 125.00 122. 
1 74.97 25.00 125.00 128. 
2 74.97 25.00 125.00 127. 
3 74.97 25.00 125.00 125. 
4 74.97 25.00 125.00 124. 
5 74.97 25.00 125.00 123. 
6 74.97 25.00 125.00 121. 
1 75.03 40.00 125.00 128. 
2 75.03 40.00 125.00 127. 
3 75.03 40.00 125.00 125. 
4 75.03 40.00 125.00 124. 
5 75.03 40.00 125.00 122. 
6 75.03 40.00 125.00 121. 
1 75.12 50.00 125.00 128. 
2 75.12 50.00 125.00 127. 
3 75.12 50.00 125.00 125. 
4 75.12 50.00 125.00 124. 
5 75.12 50.00 125.00 123. 

























127.98 4.763 0.226 
126.64 4.382 0.191 
125.23 4. 503 0.201 
123.90 4.373 0.190 
122.54 4.497 0. 201 
121.19 4.497 0.201 
127.52 4.558 0.206 
126.10 4.683 0.218 
124.67 4.687 0.218 
123.31 4.557 0.206 
121.99 4.427 0.195 
120.64 4.428 0.195 
127.42 4.697 0.219 
126.04 4.567 0.207 
124.63 4.568 0.207 
123.25 4.697 0.219 
121.90 4.569 0.207 
120.55 4.571 0.207 
127.52 4.448 0.196 
126.11 4.695 0.219 
124.74 4.441 0.196 
123.36 4.567 0.207 
122.04 4.311 0.185 
120.63 4.704 0.220 
TABLE (12) CONTINUED 
1 74.88 10.00 140.00 144. 
2 74.88 10.00 140.00 143. 
3 74.88 10.00 140.00 141. 
4 74.88 10.00 140.00 139. 
5 74.88 10.00 140.00 138. 
6 74.88 10.00 140.00 136. 
1 74.96 25.00 140.00 144. 
2 74.96 25.00 140.00 143. 
3 74.96 25.00 140.00 141. 
4 74. 96 25.00 140.00 139. 
5 74.96 25.00 140.00 138. 
6 74.96 25.00 140.00 136. 
1 75.01 40.00 140.00 144. 
2 75.01 40.00 140.00 142. 
3 75.01 40.00 140.00 141. 
4 75.01 40.00 140.00 139. 
5 75.01 40.00 140.00 138. 
6 75.01 40.00 140.00 136. 
1 75.08 50.00 140.00 144. 
2 75.08 50.00 140.00 143. 
3 75.08 50.00 140.00 141. 
4 75.08 50.00 140.00 139. 
5 57.08 50.00 140.00 138. 

























143.55 4.536 0.204 
141.86 4.534 0.203 
140. 25 4.415 0.193 
138.59 4.646 0.214 
137.06 4.407 0.193 
135.46 4.522 0.202 
143.74 4.306 0.184 
142.00 4.645 0.214 
140.34 4.644 0.213 
138.73 4.525 0.203 
137.18 4.519 0.202 
135.62 4.400 0.192 
143.39 4.442 0.196 
141.71 4.553 0.205 
140.07 4.551 0.205 
138.48 4.431 0. 195 
136.90 4.543 0.204 
135.34 4.308 0.184 
143.52 4.665 0.215 
141.88 4.433 0.195 
140.23 4.544 0.204 
138.59 4.543 0.204 
137.07 3.344 0.120 
135.47 4.536 0.204 
TABLE (12 1 ÇnNTINUEO 
1 74,88 10.00 150.00 154.83 
2 74.88 10.00 150.00 153.07 
3 74. 88 10.00 150.00 151.34 
4 74.88 10.00 150.00 149.66 
5 74.88 10.00 150.00 148.02 
6 74.88 10.00 150.00 146.35 
1 74.94 25.00 150.00 154.76 
2 74.94 25.00 150.00 153.04 
3 74.94 25.00 150.00 151.31 
4 74.94 25.00 150.00 149.59 
5 74. 94 25.00 150.00 147.97 
6 74.94 25.00 150.00 146.30 
1 75.01 40.00 150.00 145.84 
2 75.01 40.00 150.00 144.08 
3 75.01 40.00 150.00 142.34 
4 75.01 40.00 150.00 140.62 
5 75.01 40.00 150.00 139.02 
6 75.01 40.00 150.00 137,39 
1 75.07 50.00 150.00 154.91 
2 75.07 50.00 150.00 153.15 
3 75.07 50.00 150.00 151.45 
4 75.07 50.00 150.00 149.76 
5 75.07 50.00 150.00 148.12 
6 75.07 50.00 150.00 146.47 
153.60 4.265 0.181 
151.84 4.361 0.188 
150.13 4.246 0.179 
148.48 4.027 0.163 
146.83 4.223 0.177 
145.17 4.215 0.177 
153.52 4.377 0.190 
151.82 4.261 0.180 
150.09 4.358 0.188 
148.40 4.137 0.171 
146.79 4.124 0.170 
145.Il 4.330 0.186 
144.62 4.702 0.218 
142.86 4.823 0.230 
141.13 4.827 0.230 
139.41 4.955 0.244 
137.85 4.591 0.208 
136.22 4,713 0.219 
153.68 4,271 0.181 
151.94 4,158 0.172 
150.25 4,146 0.171 
148.56 4.241 0.179 
146.92 4.33 7 0.186 
145.29 4.219 0.177 
TABLE(13) HEAT TRANSFER COEFFICIENT OF POLYETHYLENE PIPE (CÏ EMBEDDED IN CONCRETE 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS 
e # # TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
* * # OEG«F PS! DEC.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75«11 10.00 35.00 32.78 33.77 4.217 0.267 
2 75.11 10.00 35.00 34.02 34.98 3.961 0.237 
3 75.11 10.00 35.00 35.23 36.20 4.212 0.266 
4 75.11 10.00 35.00 36.40 37.34 3.949 0.236 
5 75.11 10.00 35.00 37.53 38.46 3.940 0.235 
6 75.11 10.00 35.00 38.69 39.62 4.068 0.249 
I 75.06 25.00 35.00 32.86 33.84 4.103 0.253 
2 75.06 25.00 35.00 34.11 35.08 4.101 0.253 
3 75.06 25.00 35.00 35.25 36.19 3.839 0.224 
4 75.06 25.00 - 35.00 36.41 37.37 4.214 0.267 
5 75.06 25.00 35.00 37.55 38.50 4.209 0.266 
6 75.06 25.00 35.00 38.69 39.62 4.073 0.250 
1 75.01 40.00 35.00 32.57 33.54 3.955 0.237 
2 75.01 40.00 35.00 33.81 34.76 3.828 0.223 
3 75.01 40.00 35.00 35.00 35.96 4.069 0.249 
4 75.01 40.00 35.00 36.16 37.10 3.935 0.234 
5 75.01 40.00 35.00 37.28 38.22 4.053 0.248 
6 75.01 40.00 35.00 38.43 39.36 4.049 0.247 
1 74.97 50.00 35.00 33.08 34.07 4.262 0.272 
2 74.97 50.00 35.00 34.29 35.25 4.001 0.242 
3 74.97 50.00 35.00 35.46 36.41 3.994 0.241 
4 74.97 50.00 35.00 36.61 37.55 3.986 0.240 
5 74.97 50.00 35.00 37.74 38.67 3.978 0.239 
6 74.97 50.00 35.00 38.89 39.81 3.975 0.239 
TABLE (13) CONTINUED 
1 75.13 10.00 45. 
2 75.13 10.00 45. 
3 75.13 10.00 45. 
4 75.13 10.00 45. 
5 75.13 10.00 45. 
6 75.13 10.00 45. 
1 75o09 25.00 45. 
2 75.09 25.00 45. 
3 75.09 25.00 45. 
4 75.09 25.00 45. 
5 75.09 25.00 45. 
6 75.09 25.00 45. 
1 75.04 40.00 45. 
2 75.04 40.00 45. 
3 75.04 40.00 45. 
4 75. 04 40.00 45. 
5 75.04 40.00 45. 
6 75. 04 40.00 45. 
1 74. 99 50.00 45. 
2 74.99 50.00 45. 
3 74.99 50.00 45. 
4 74.99 50.00 45. 
5 74.99 50.00 45. 

























































































































TABLE (13) CONTINUED 
1 75.03 10.00 100.00 103. 
2 75.03 10.00 100.00 102. 
3 75.03 10.00 100.00 101. 
4 75.03 10.00 100.00 100. 
5 75.03 10.00 100.00 99. 
6 75.03 10.00 100.00 98. 
1 75.00 25.00 100.00 102. 
2 75.00 25.00 100.00 101. 
3 75.00 25.00 100.00 100. 
4 75.00 25.00 100.00 99. 
5 75.00 25.00 100.00 98. 
6 75.00 25.00 100.00 97. 
1 74.94 40.00 100.00 102. 
2 74.94 40.00 100.00 101. 
3 74.94 40.00 100.00 100. 
4 74. 94 40.00 100.00 99. 
5 74.94 40.00 100.00 98. 
6 74. 94 40.00 100.00 97. 
1 74. 89 50.00 100.00 103. 
2 74.89 50.00 100.00 102. 
3 74. 89 50.00 100.00 100. 
4 74. 89 50.00 100.00 99. 
5 74.89 50.00 100.00 98. 

























102.26 4.181 0.245 
101.29 3.759 0.204 
100.28 3.767 0.204 
99.33 3.769 0.205 
98.39 3.918 0.218 
97.45 3.930 0.219 
101.93 4.082 0.234 
100.92 3.948 0.221 
99.93 3.675 0.196 
98.95 3.968 0.223 
98.02 3.829 0.210 
97.08 3.840 0.211 
101.75 4.395 0.268 
100.77 3.821 0.209 
99.75 3.975 0.224 
98.82 3.834 0.211 
97.85 4.145 0.241 
96.94 3.854 0.212 
102.36 4.003 0.227 
101.24 4.026 0.229 
100.12 3.770 0.205 
99.05 3.651 0.194 
97.97 3.677 0.196 
96.89 3.708 0.199 
TABLE (13> CONTINUED 
1 75.03 10.00 12 5.00 128. 
2 75.03 10.00 125.00 127. 
3 75.03 10.00 125.00 125. 
4 75.03 10.00 125.00 124. 
5 75.03 10.00 125.00 123. 
6 75.03 10.00 125.00 121. 
1 75.11 25.00 125.00 128. 
2 75.11 25.00 125.00 127. 
3 75.11 25.00 125.00 125. 
4 75.11 25.00 125.00 124. 
5 75.11 25.00 125.00 123. 
6 75.11 25.00 125.00 121. 
1 74.92 40.00 125.00 129. 
2 74.92 40.00 125.00 127. 
3 74.92 40.00 125.00 126. 
4 74.92 40.00 125.00 125. 
5 74,92 40.00 125.00 123. 
6 74.92 40.00 125.00 122. 
1 74.98 50.00 125.00 128. 
2 74.98 50.00 125.00 126. 
3 74.98 50.00 125.00 125. 
4 74.98 50.00 125.00 123. 
5 74,98 50.00 125.00 122. 

























127.30 4.101 0.234 
126.01 3.747 0.201 
124.66 3.848 0.210 
123.39 3.721 0.198 
122.08 3.939 0.218 
120.83 3.697 0.196 
127.38 3.987 0.223 
126.07 3.860 0.211 
124.73 3.737 0.200 
123.41 3.838 0.209 
122.12 3.827 0.208 
120.83 3.817 0.207 
128.00 3.816 0.207 
126.66 3.802 0.206 
125.33 3.789 0.204 
124.03 3.776 0.203 
122.73 3.764 0.202 
121.45 3.640 0.191 
127.31 4.097 0.233 
125.79 3.985 0.222 
124.29 3.988 0.223 
122.84 3.760 0.202 
121.40 3.992 0.223 
120.03 3.644 0.192 
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TABLE (13) CONTINUED 
1 74.89 10.00 150.00 155. 
2 74.89 10.00 150.00 153. 
3 74. 89 10.00 150.00 151. 
4 74.89 10.00 150.00 150. 
5 74.89 10.00 150.00 148. 
6 74. 89 10.00 150.00 147. 
1 75.05 25.00 150.00 154. 
2 75.05 25.00 150.00 153. 
3 75.05 25.00 150.00 151. 
4 75.05 25.00 150.00 149. 
5 57.05 25.00 150.00 148. 
6 75.05 25.00 150.00 146. 
1 75.11 40.00 150.00 154. 
2 75.11 40.00 150.00 153. 
3 75.11 40.00 150.00 151. 
4 75.11 40.00 150.00 149. 
5 75.11 40.00 150.00 148. 
6 75.11 40.00 150.00 146. 
1 74.91 50.00 150.00 154. 
2 74.91 50.00 150.00 153. 
3 74.91 50.00 150.00 151. 
4 74.91 50.00 150.00 149. 
5 74.91 50.00 150.00 148. 

























154.02 3.469 0.177 
152.37 3.543 0.183 
150.72 3.434 0.174 
149.10 3.508 0.180 
147.58 3.395 0.171 
146.00 3.377 0.170 
153.52 3.590 0.187 
151.89 3.480 0.178 
150.22 3.557 0.184 
148.61 3.446 0.175 
147.11 2.744 0.125 
145.57 3.313 0.165 
153.58 3.498 0.179 
151.94 3.390 0.171 
150.30 3.463 0.176 
148.68 3.355 0.168 
147.19 3.242 0.159 
145.62 3.406 0.172 
153.54 3.401 0.171 
151.88 3.474 0.177 
150.24 3.457 0.176 
148.60 3.440 0.175 
147.09 3.327 0.166 
145.50 3.495 0.179 
TABLE(14) HEAT TRANSFER COEFFICIENT OF POLYETHYLENE PIPE (D) EMBEDDED IN CONCRETE 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
e # # TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
e # # DEC.F PSI DEC.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.12 10.00 35.00 32.94 33.96 4.630 0.211 
2 75.12 10.00 35.00 34.23 35.24 4.639 0.212 
3 75.12 10.00 35.00 35.46 36.44 4.369 0.186 
4 75.12 10.00 35.00 36.67 37.65 4.508 0.199 
5 75.12 10.00 35.00 37.81 38.77 4.368 0.185 
6 75.12 10.00 35.00 39.00 39.97 4.657 0.214 
1 75.09 25.00 35.00 32.85 33.88 4.762 0.225 
2 75.09 25.00 35.00 34.10 35.10 4.491 0. 197 
3 75.09 25.00 35.00 35.28 36.25 4.220 0.173 
4 75.09 25.00 35.00 36. 47 37.46 4.627 0.210 
5 75. 09 25.00 35.00 37.61 38.58 4.486 0.196 
6 75.09 25.00 35.00 38.80 39.76 4.492 0.197 
1 75.01 40.00 35.00 33.13 34.15 4.664 0.214 
2 75.01 40.00 35.00 34.40 35.39 4.398 0.188 
3 75.01 40.00 35.00 35.61 36.60 4. 535 0.201 
4 75.01 40.00 35.00 36.80 37.77 4.399 0.188 
5 75.01 40.00 35.00 37.95 38.92 4.537 0.201 
6 75.01 40.00 35.00 39.13 40.10 4.688 0.217 
1 75.01 50.00 35.00 32. 76 33.78 4.623 0.210 
2 75.01 50.00 35.00 34.02 35.03 4.627 0.210 
3 75.01 50.00 35.00 35.26 36.26 4.633 0.211 
4 75.01 50.00 35.00 36.47 37.47 4.780 0.227 
5 75o01 50.00 35.00 37.63 38.59 4.359 0.185 
6 75.01 50.00 35.00 38.83 39.81 4.795 0.229 
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TABLE (14] CONTINUED 
1 74o95 10.00 100.00 102. 
2 74„95 10.00 100.00 101. 
3 74.95 10.00 100.00 100. 
4 74.95 10.00 100.00 99. 
5 74.95 10.00 100.00 98. 
6 74.95 10.00 100.00 97. 
1 75.01 25.00 100.00 102. 
2 75.01 25.00 100.00 101. 
3 75.01 25.00 100.00 100. 
4 75.01 25.00 100.00 99. 
5 75.01 25.00 100.00 98. 
6 75.01 25.00 100.00 97. 
1 75.07 40.00 100.00 103. 
2 75.07 40.00 100.00 102. 
3 75.07 40.00 100.00 101. 
4 75.07 40.00 100.00 99. 
5 75.07 40.00 100.00 99. 
6 75,07 40.00 100.00 97. 
1 75.12 50.00 100.00 102. 
2 75.12 50.00 100.00 101. 
3 75.12 50.00 100.00 100. 
4 75.12 50.00 100.00 99. 
5 75.12 50.00 100.00 98. 

























102.06 4.652 0.194 
100.97 4.683 0.197 
99.94 4.550 0.185 
98.93 4.417 0.175 
97.94 4.442 0.177 
96.92 4.480 0.180 
101.83 4.861 0.213 
100.79 4.568 0.187 
99. 72 4.762 0.204 
98.69 4.633 0.192 
97.70 4.664 0.195 
96.73 4.368 0.171 
102.33 4.474 0.179 
101.27 4.343 0.169 
100.15 4.856 0.213 
99.12 4.725 0.201 
98.21 4.104 0.152 
97.16 4.620 0.191 
102.00 4.384 0.172 
100.88 4.892 0.216 
99.86 4.438 0.176 
98.86 4.152 0.155 
97.82 4.829 0.210 
96.84 4.531 0.184 
TABLE ( 14) CONTINUED 
1 74.89 10.00 125.00 128. 
2 74.89 10.00 125.00 127. 
3 74. 89 10.00 125.00 125. 
4 74. 89 10.00 125.00 124. 
5 74.89 10.00 125.00 123. 
6 74.89 10.00 125.00 121. 
1 74.95 25.00 125.00 129. 
2 74.95 25.00 125.00 127. 
3 74.95 25.00 125.00 126. 
4 74.95 25.00 125.00 124. 
5 74.95 25.00 125.00 123. 
6 74.95 25.00 125.00 122. 
1 75.02 40.00 125.00 128. 
2 75.02 40.00 125.00 127. 
3 75.02 40.00 125.00 125. 
4 75.02 40.00 125.00 124. 
5 75.02 40.00 125.00 123. 
6 75.02 40.00 125.00 121. 
1 75.00 50.00 125.00 128. 
2 75.00 50.00 125.00 127. 
3 75.00 50.00 125.00 125. 
4 75.00 50.00 125.00 124. 
5 75.00 50.00 125.00 122. 

























127.63 4.419 0.173 
126.25 4.536 0.182 
124.86 4.410 0.172 
123.51 4.531 0.181 
122.17 4.403 0.171 
120.80 4.533 0.181 
128.05 4.511 0.180 
126.67 4.383 0.170 
125.25 4.631 0.190 
123.92 4.375 0.169 
122.59 4.370 0.169 
121.23 4.370 0.169 
127.44 4.446 0.175 
126.06 4.440 0.174 
124.71 4.192 0.156 
123.37 4.185 0.156 
121.99 4.559 0.184 
120.68 4.303 0. 164 
127.27 4.707 0.196 
125.94 4.207 0.157 
124.53 4.326 0.166 
123.18 4.446 0.175 
121.85 4.318 0.165 
120.47 4.576 0.185 
TABLE (141 CONTINUED 
1 75.08 10.00 140.00 145. 
2 75.08 10.00 140.00 143. 
3 75.08 10.00 140.00 141. 
4 75.08 10.00 140.00 140. 
5 75.08 10.00 140.00 138. 
6 75.08 10.00 140.00 137. 
1 75.12 25.00 140.00 144. 
2 75.12 25.00 140.00 143. 
3 75.12 25.00 140.00 141. 
4 75.12 25.00 140.00 139. 
5 75.12 25.00 140.00 138. 
6 75.12 25.00 140.00 136. 
1 74. 82 40.00 140.00 144. 
2 74.82 40.00 140.00 143. 
3 74.82 40.00 140.00 141. 
4 74.82 40.00 140.00 139. 
5 74.82 40.00 140.00 138. 
6 74.82 40.00 140.00 136. 
1 74.90 50.00 140.00 144. 
2 74.90 50.00 140.00 143. 
3 74.90 50.00 140.00 141. 
4 74.90 50.00 140.00 140. 
5 74.90 50.00 140.00 138. 

























143.97 4.300 0.163 
142.33 4.077 0.148 
140.77 3.856 0.134 
139.17 4.058 0.147 
137.64 4.047 0.146 
136.08 4.040 0.145 
143.70 4.104 0.150 
142.05 4.096 0. 149 
140.46 4.087 0.149 
138.84 4.190 0.156 
137.36 3.960 0. 140 
135.79 4.172 0.154 
143.59 3.988 0.142 
141.93 4.193 0.156 
140.31 4.186 0.155 
138.75 3.961 0.140 
137.20 4.168 0.154 
135.68 3.941 0.139 
143.76 4.087 0.149 
142.14 3.972 0.141 
140.51 4.178 0.155 
138.94 4.061 0.147 
137.42 4.050 0.146 
135.86 4.042 0.146 
TABLE (14) CONTINUED 
1 75.01 10.00 
2 75.01 10.00 
3 75.01 10.00 
4 75.01 10.00 
5 75.01 10.00 
6 75.01 10.00 
1 75.08 25.00 
2 75.08 25.00 
3 75.08 25.00 
4 75.08 25.00 
5 75.08 25.00 
6 75.08 25.00 
1 75.13 40.00 
2 75.13 40.00 
3 75.13 40.00 
4 75.13 40.00 
5 75.13 40.00 
6 75. 13 40.00 
1 75.04 50.00 
2 75.04 50.00 
3 75.04 50.00 
4 75.04 50.00 
5 75.04 50.00 
6 75.04 50.00 
154.01 3.849 0.133 
152.28 3.935 0.139 
150.62 3.822 0.132 
148.97 3.710 0.125 
147.39 3.790 0.130 
145.76 3.877 0.135 
153.59 3.972 0.141 
151.95 3.760 0.128 
150.28 3.843 0.133 
148.62 3.829 0.132 
147.05 3.714 0.125 
145.40 4.003 0.143 
153.49 3.784 0.129 
151.76 3.869 0.134 
150.10 3.756 0.128 
148.39 3.944 0.139 
146. 80 3.928 0.138 
145.20 3.813 0.131 
153.67 3.867 0.134 
151.97 3.854 0.134 
150.26 3.941 0.139 
148.62 3.827 0.132 
147.07 3.809 0.131 
145.46 3.895 0.136 
TABLEflSl HEAT TRANSFER COEFFICIENT OF POLYETHYLENE PIPE (El EMBEDDED IN CONCRETE 
REP HATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # # TEMP. WATER PRESS» SETTING TEMP. DEGREES F TRANS. COEF .(u; COEFF.(K) 
# e e DEG.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.12 10.00 35.00 32.96 33.95 4.234 0.214 
2 75.12 10.00 35.00 34.19 35.15 3.977 0.189 
3 75.12 10.00 35.00 35.41 36.38 4.230 0.213 
4 75.12 10.00 35.00 36.61 37.57 4.230 0.213 
5 75.12 10.00 35.00 37.75 38.70 4.225 0.213 
6 75.12 10.00 35.00 38.92 39.86 4.227 0.213 
1 75.09 25.00 35.00 32.54 33.54 4.324 0.223 
2 75.09 25.00 35.00 33.75 34.72 4.062 0.197 
3 75.09 25.00 35.00 34.91 35.86 3.926 0.185 
4 75.09 25.00 35.00 36.09 37.05 4.176 0.208 
5 75.09 25.00 35.00 37.24 38.21 4.441 0.236 
6 75.09 25.00 35.00 38.40 39.34 4.169 0.207 
1 75.04 40.00 35.00 32.79 33.77 4.098 0.200 
2 75.04 40.00 35.00 34.06 35.05 4.358 0.227 
3 75.04 40.00 35.00 35.26 36.23 4.223 0.213 
4 75.04 40.00 35. 00 36.45 37.40 4.090 0.200 
5 75.04 40.00 35.00 37.58 38.54 4.350 0.226 
6 75.04 40.00 35.00 38. 74 39.70 4.491 0.242 
1 75.01 50.00 35.00 32.63 33.61 4.085 0.199 
2 75.01 50.00 35.00 33.85 34.83 4.208 0.211 
3 75.01 50.00 35.00 35.07 36.04 4.206 0.211 
4 75.01 50.00 35.00 36.23 37.18 4.070 0.198 
5 75.01 50.00 35.00 37.40 38.35 4.198 0.210 
6 75.01 50.00 35.00 38.57 39.51 4.198 0.210 
TABLE (15) CONTINUED 
1 74.97 10.00 45.00 42.37 
2 74.97 10.00 45.00 43.48 
3 74.97 10.00 45.00 44. 56 
4 74.97 10.00 45.00 45.61 
5 74.97 10.00 45.00 46.64 
6 74.97 10.00 45.00 47.68 
1 74.95 25.00 45.00 42.86 
2 74.95 25.00 45.00 43.91 
3 74.95 25.00 45.00 44.98 
4 74.95 25.00 45.00 46.03 
5 74.95 25.00 45.00 47.06 
6 74.95 25.00 45.00 48.10 
1 74.90 40.00 45.00 42.13 
2 74.90 40.00 45.00 43.22 
3 74.90 40.00 45.00 44.34 
4 74.90 40.00 45. 00 45.41 
5 74.90 40.00 45.00 46.41 
6 74.90 40.00 45.00 47.46 
1 75.12 50.00 45.00 42.79 
2 75.12 50.00 45.00 43.92 
3 75.12 50.00 45.00 45.03 
4 75.12 50.00 45.00 46.10 
5 75.12 50.00 45.00 47.12 









































































TABLE (T^l CONTINUED 
1 75«08 10.00 100.00 103. 
2 75«08 10.00 100.00 102. 
3 75o08 10.00 100.00 101. 
4 75o08 10.00 100.00 100. 
5 75o08 10.00 100.00 99. 
6 75.08 10.00 100.00 98. 
1 75.09 25.00 100.00 102. 
2 75«09 25.00 100.00 101. 
3 75.09 25.00 100.00 100. 
4 75.09 25.00 100.00 99. 
5 75.09 25.00 100.00 98. 
6 75.09 25.00 100.00 97. 
1 75.11 40.00 100.00 102. 
2 75.11 40.00 100.00 101. 
3 75.11 40.00 100.00 100. 
4 75.11 40.00 100.00 99. 
5  ^ 75.11 40.00 100.00 98. 
6 75.11 40.00 100.00 97. 
1 75.16 50.00 100.00 102. 
2 75.16 50.00 100.00 101. 
3 75.16 50.00 100.00 100. 
4 75.16 50.00 100.00 99. 
5 75.16 50.00 100.00 98. 

























102.31 4.181 0.194 
101.30 4.046 0.183 
100.29 4.057 0.184 
99.28 4.074 0.185 
98.35 3.933 0.174 
97.39 4.100 0.187 
101.98 4.534 0.226 
100.97 4.098 0.187 
99.95 3.968 0.176 
98.91 4.446 0.218 
97.99 3.996 0.179 
97.04 4.012 0.180 
101.93 4.244 0.199 
100.89 4.261 0.201 
99. 83 4.441 0.217 
98.84 4.306 0.205 
97.88 4.325 0.207 
96.93 4.190 0.195 
102.02 3.951 0.175 
101.00 3.960 0.176 
99.95 4.125 0.189 
99.01 3.698 0.156 
98.11 3.558 0.147 
97.19 3.562 0.147 
TABLE ( la CONTINUED 
1 75o22 10.00 125.00 128. 
2 75o22 10.00 125.00 127. 
3 75«22 10.00 125.00 126. 
4 75o22 10.00 125.00 124. 
5 75o22 10.00 125.00 123. 
6 75o22 10.00 125.00 122. 
1 74=95 25.00 125.00 128. 
2 74.95 25.00 125.00 127. 
3 74.95 25.00 125.00 126. 
4 74.95 25.00 125.00 124. 
5 74,95 25.00 125.00 123. 
6 74.95 25.00 125.00 122. 
1 75.06 40.00 125.00 129. 
2 75.06 40.00 125.00 127. 
3 75.06 40.00 125.00 126. 
4 75.06 40.00 125.00 125. 
5 75.06 40.00 125.00 123. 
6 75.06 40.00 125.00 122. 
1 75.11 50.00 125.00 128. 
2 75.11 50.00 125.00 127. 
3 75.11 50.00 125.00 125. 
4 75.11 50.00 125.00 124. 
5 75.11 50.00 125.00 123. 

























127.68 4.087 0.184 
126.42 3.731 0.157 
125.05 3.833 0.164 
123.80 3.595 0.148 
122.52 3.581 0.147 
121.20 3.796 0.162 
127.63 3.956 0.174 
126.29 3.832 0.164 
125.00 3.597 0.148 
123.71 3.691 0.154 
122.43 3.677 0.153 
121.13 3.667 0.153 
128.10 4.042 0.180 
126.81 3.585 0.147 
125.48 3.679 0.153 
124.24 3.445 0.138 
122.91 3.760 0.159 
121.67 3.524 0.143 
127.42 3.871 0.167 
126.05 3.975 0.175 
124.76 3.735 0^157 
123.49 3.720 0.156 
122.19 3.708 0.155 
120.97 3.471 0.140 
TABLE (151 CONTINUED 
1 74.91 10.00 140.00 144. 
2 74.91 10.00 140.00 143. 
3 74.91 10.00 140.00 141. 
4 74.91 10.00 140.00 139. 
5 74.91 10.00 140.00 138. 
6 74.91 10.00 140.00 137. 
1 74.97 25.00 140.00 144. 
2 74.97 25.00 140.00 143. 
3 74.97 25.00 140.00 141. 
4 74.97 25.00 140.00 140. 
5 74.97 25.00 140.00 138. 
6 74.97 25.00 140.00 137. 
1 75.07 40.00 140.00 144. 
2 75.07 40.00 140.00 143. 
3 75.07 40.00 140.00 141. 
4 75.07 40.00 140.00 139. 
5 75.07 40.00 140.00 138. 
6 75.07 40.00 140.00 136. 
1 75.13 50.00 140.00 144. 
2 75.13 50.00 140.00 143. 
3 75.13 50.00 140.00 141. 
4 75.13 50.00 140.00 140. 
5 75.13 50.00 140.00 138. 

























143.61 3.688 0.154 
142. 02 3.480 0.140 
140.43 3.663 0.152 
138.90 3.549 0.144 
137.41 3.633 0.150 
135.97 3.418 0.136 
143.86 3.581 0.147 
142.27 3.567 0.146 
140.73 3.551 0.145 
139.16 3.637 0.150 
137.68 3.522 0.143 
136.19 3.507 0.142 
143.46 3.805 0.162 
141.95 3.397 0.135 
140.34 3.677 0.153 
138.84 3.368 0.133 
137.36 3.447 0.138 
135.86 3.433 0.137 
143.65 3.600 0.148 
142.07 3.489 0.141 
140.48 3.672 0.153 
138.97 3.460 0.139 
137.51 3.346 0.132 
135.97 3.529 0.143 
TABLE (15) CONTINUED 
i 74.91 10.00 150.00 154.89 
2 74.91 10.00 150.00 153.21 
3 74.91 10.00 150.00 151.57 
4 74.91 10.00 150.00 149.93 
5 74.91 10.00 150.00 148.36 
6 74.91 10.00 150.00 146.81 
1 74.99 25.00 150.00 154.62 
2 74.99 25.00 150.00 153.01 
3 74.99 25.00 150.00 151.37 
4 74.99 25.00 150.00 149.78 
5 74.99 25.00 150.00 148.25 
6 74.99 25.00 150.00 146.66 
1 75.07 40.00 150.00 154.74 
2 75.07 40.00 150.00 153.05 
3 75.07 40.00 150.00 151.43 
4 75.07 40.00 150.00 149.84 
5 75.07 40.00 150.00 148.28 
6 75.07 40.00 150.00 146.72 
1 75.13 50.00 150.00 154.98 
2 75.13 50.00 150.00 153.34 
3 75.13 50.00 150.00 151.69 
4 75.13 50.00 150.00 150.09 
5 75.13 50.00 150.00 148.54 
6 75.13 50.00 150.00 146.99 
153.75 3.392 0.134 
152.08 3.375 0.133 
150.44 3.448 0.138 
148.82 3.339 0.131 
147.26 3.320 0.130 
145.71 3.392 0.134 
153.46 3.590 0.147 
151.90 3.210 0.123 
150.25 3.369 0.133 
148.67 3.349 0.132 
147.17 3.150 0.120 
145.56 3.403 0.135 
153.61 3.316 0.130 
151.91 3.480 0.140 
150.32 3.280 0.127 
148.75 3.172 0.121 
147.17 3.423 0.136 
145.63 3.312 0.129 
153.84 3.398 0.135 
152.22 3.290 0.128 
150.57 3.361 0.132 
148.99 3.252 0.126 
147.42 3.506 0.141 
145.89 3.394 0.134 
TABLE(16) HEAT TRANSFER COEFFICIENT OF POLYETHYLENE PIPE (F) EMBEDDED IN CONCRETE 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # * TEMP. WATER PRESSo SETTING TEMP. DEGREES F TRANS. COEF.fU» CGEFF.(K| 
# # # DEG.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.11 10.00 35.00 32.57 33.53 3.825 0.221 
2 75.11 10.00 35.00 33.76 34.70 3.694 0.208 
3 75.11 10.00 35.00 34.89 35.81 3.561 0.195 
4 75.11 10.00 35.00 36. 02 36.95 3.786 0.217 
5 75.11 10.00 35.00 37.10 38.01 3.648 0.203 
6 75.11 10.00 35.00 38.25 39.17 3.890 0.228 
I 75.07 25.00 35.00 32.98 33.93 3.746 0.213 
2 75.07 25.00 35.00 34.22 35.18 3.985 0.238 
3 75.07 25.00 35.00 35.37 36.30 3.727 0.211 
4 75.07 25.00 35.00 36.51 37.43 3.716 0.210 
5 75.07 25.00 35.00 37.60 38.51 3.702 0.209 
6 75.07 25.00 35.00 38.71 39.61 3.691 0.208 
1 75.01 40.00 35.00 32.67 33.62 3.724 0.211 
2 75.01 40.00 35.00 33.90 34.84 3.716 0.210 
3 75.01 40.00 35.00 35.06 35.99 3.704 0.209 
4 75.01 40.00 35.00 36.19 37.10 3.571 0.196 
5 75.01 40.00 35.00 37.27 38.17 3.554 0.195 
6 75.01 40.00 35.00 38.40 39.31 3.790 0.217 
1 74.97 50.00 35.00 32.81 33.77 3.859 0.225 
2 74.97 50.00 35.00 33.95 34.91 3.968 0.236 
3 74.97 50.00 35.00 35.09 36.03 3.832 0.222 
4 74.97 50.00 35.00 36.20 37.13 3.818 0.220 
5 74.97 50.00 35.00 37.27 38.20 3.928 0.232 
6 75.97 50.00 35.00 38.35 39.26 3.687 0.207 
TABLE 1161 CONTINUED 
1 75.10 10.00 45. 
2 75.10 10.00 45. 
3 75.10 10.00 45. 
4 75. 10 10.00 45. 
5 75.10 10.00 45. 
6 75.10 10.00 45. 
1 75.04 25.00 45. 
2 75.04 25.00 45. 
3 75.04 25.00 45. 
4 75.04 25.00 45. 
5 75. 04 25.00 45. 
6 75.04 25.00 45. 
1 75.01 40.00 45. 
2 75.01 40.00 45. 
3 75,01 40.00 45. 
4 75.01 40.00 45. 
5 75.01 40.00 45. 
6 75.01 40.00 45. 
1 75.03 50.00 45. 
2 75.03 50.00 45. 
3 75.03 50.00 45. 
4 75.03 50.00 45. 
5 75.03 50.00 45. 

























































































































TABLE ( 16) CONTINUED 
1 75.07 10.00 100.00 103. 
2 75.07 10.00 100.00 102. 
3 75.07 10.00 100.00 101. 
4 75.07 10.00 100.00 100. 
5 75.07 10.00 100.00 99. 
6 75.07 10.00 100.00 98. 
1 75.10 25.00 100.00 103. 
2 75.10 25.00 100.00 102. 
3 75.10 25.00 100.00 101. 
4 75.10 25.00 100.00 100. 
5 75.10 25.00 100.00 99. 
6 75.10 25.00 100.00 98. 
1 74.96 40.00 100.00 103. 
2 74. 96 40.00 100.00 102. 
3 74.96 40.00 100.00 101. 
4 74.96 40.00 100.00 100. 
5 74.96 40.00 100.00 99. 
6 74.96 40.00 100.00 98. 
1 75.01 50.00 100.00 103. 
2 75.01 50.00 100.00 102. 
3 75.01 50.00 100.00 101. 
4 75.01 50.00 100.00 100. 
5 75.01 50.00 100.00 99. 

























102.70 3.575 0.186 
101.73 3.440 0.175 
100.72 3.574 0.186 
99.88 2.926 0.137 
98.98 3.159 0.154 
98.09 3.150 0.153 
102.46 3.743 0.201 
101.49 3.475 0.178 
100.51 3.345 0.168 
99.61 3.207 0.157 
98.69 3.330 0.166 
97.82 3.064 0.147 
102.72 3.431 0.174 
101.70 3.560 0.185 
100.73 3.426 0.174 
99.87 3.034 0.145 
98.95 3.275 0.162 
98.05 3.269 0.162 
102.74 3.829 0.208 
101.70 3.310 0.165 
100.56 3.588 0.187 
99.59 2.953 0.139 
98.53 3.210 0.157 
97.49 3.225 0.158 
TABLE 0.6 ) CONTINUED 
1 75.05 10.00 125. 00 129. 
2 75.05 10.00 125.00 127. 
3 75.05 10.00 125.00 126. 
4 75.05 10.00 125.00 125. 
5 75.05 10.00 125.00 123. 
6 75.05 10.00 125.00 122. 
1 75.08 25.00 125.00 128. 
2 75.08 25.00 125.00 127. 
3 75.08 25.00 125.00 126. 
4 75.08 25.00 125.00 124. 
5 75.08 25.00 125.00 123. 
6 75.08 25.00 125.00 122. 
1 75.10 40.00 125.00 128. 
2 75.10 40.00 125.00 127. 
3 75.10 40.00 125.00 126. 
4 75.10 40.00 125.00 124. 
5 75. 10 40.00 125.00 123. 
6 75.10 40.00 125.00 122. 
1 74.94 50.00 125.00 128. 
2 74.94 50.00 125.00 127. 
3 74.94 50.00 125.00 126. 
4 74.94 50.00 125.00 124. 
5 74. 94 50.00 125.00 123. 

























128.11 3.395 0.170 
126.83 3.274 0.161 
125.52 3.257 0.160 
124.24 3.341 0.166 
123.04 3.116 0.149 
121.76 3.304 0.163 
127.65 3.225 0.157 
126.33 3.513 0.180 
125.02 3.394 0.170 
123.79 3.169 0.153 
122.54 3.252 0.159 
121.26 3.448 0.174 
127.55 3.643 0.190 
126.31 3.210 0.156 
125.04 3.190 0.155 
123.76 3.377 0.169 
122.50 3.360 0.167 
121.24 3.344 0.166 
127.83 3.509 0.179 
126.72 1.784 0.071 
125.11 3.276 0.161 
123.68 3.371 0.168 
122.33 3.257 0.160 
120.94 3.250 0.159 
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TABLE (16) CONTINUED 
1 74.95 10.00 150.00 155. 
2 74.95 10.00 150.00 154. 
3 74.95 10.00 150.00 152. 
4 74.95 10.00 150.00 151. 
5 74.95 10.00 150.00 149. 
6 74.95 10.00 150.00 147. 
1 75.00 25.00 150.00 155. 
2 75.00 25.00 150.00 153. 
3 75.00 25.00 150.00 152. 
4 75.00 25.00 150.00 150. 
5 75.00 25.00 150.00 149. 
6 75.00 25.00 150.00 147. 
1 75.05 40.00 150.00 155. 
2 75.05 40.00 150.00 153. 
3 75.05 40.00 150.00 152. 
4 75.05 40.00 150.00 150. 
5 57.05 40.00 150.00 149. 
6 75.05 40.00 150.00 147. 
1 75.08 50.00 150.00 155. 
2 75.08 50.00 150.00 153. 
3 75.08 50.00 150.00 152. 
4 75.08 50.00 150.00 150. 
5 75.08 50.00 150.00 149. 

























154.58 2.778 0.126 
153.01 2.834 0.130 
151.48 2.654 0.119 
149.98 2.630 0.117 
148.44 2.926 0.136 
146.93 2.821 0.129 
154.20 2.872 0.132 
152.62 2.771 0.126 
151.05 2.749 0.124 
149.49 2.806 0.128 
148.03 2.781 0.127 
146.51 2.922 0.136 
154.42 2.710 0.122 
152.82 2.844 0.131 
151.21 2.986 0.140 
149.72 2.566 0.113 
148.21 2.296 0.098 
146.71 2.834 0.130 
154.34 2.950 0.138 
152.81 2.690 0.121 
151.27 2.590 0.115 
149.72 2.721 0.123 
148.23 2.857 0.131 
146.77 2.752 0.125 
T A B L E ! h e a t  T R A N S F E R  C O E F F I C I E N T  O F  P O L Y E T H Y L E N E  P I P E  ( G l  E M B E D D E D  I N  C O N C R E T E  
REP HATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
• • • TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
• • • DEC. F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75a 12 10.00 35.00 32.86 33.90 4.900 0.189 
2 75.12 10.00 35.00 34.14 35.15 4.628 0.165 
3 75.12 10.00 35.00 35.40 36.41 4.777 0. 178 
4 75.12 10.00 35.00 36.60 37.56 4.229 0.135 
5 75.12 10.00 35.00 37.77 38.75 4.643 0.166 
6 75.12 10.00 35.00 38.97 39.94 4.653 0.167 
1 75.09 25.00 35.00 32.56 33.59 4.729 0.173 
2 75.09 25.00 35.00 33.87 34.90 4.881 0.187 
3 75.09 25.00 35.00 35.08 36.08 4.602 0.163 
4 75.09 25.00 35.00 36.26 37.24 4.464 0.152 
5 75.09 25.00 35.00 37.42 38.39 4.462 0.152 
6 75.09 25.00 35.00 38.60 39.56 4.467 0.152 
1 75.04 40.00 35.00 32.82 33.87 5.048 0.204 
2 75.04 40.00 35.00 34.11 35.12 4.634 0.165 
3 75.04 40.00 35.00 35.33 36.32 4.499 0.154 
4 75.04 40.00 35.00 36.55 37.53 4.503 0.155 
5 75. 04 40.00 35.00 37.71 38.70 4.789 0.179 
6 75.04 40.00 35.00 38.86 39.81 4.366 0.145 
1 75.07 50.00 35.00 32.78 33.82 4.896 0.189 
2 75.07 50.00 35.00 34.03 35.03 4.485 0.153 
3 75.07 50.00 35.00 35.25 36.25 4.624 0.164 
4 75.07 50.00 35.00 36.42 37.39 4.348 0.143 
5 75.07 50.00 35.00 37. 58 38.55 4.484 0.153 
6 75.07 50.00 35.00 38.76 39.73 4.632 0.165 
TABLE (171) CONTINUED 
1 74.96 10.00 45.00 42. 
2 74.96 10.00 45.00 43. 
3 74.96 10.00 45.00 44. 
4 74o96 10.00 45.00 45. 
5 74.96 10.00 45.00 46. 
6 74.96 10.00 45.00 47. 
1 75.07 25.00 45.00 42. 
2 75.07 25.00 45.00 43. 
3 75.07 25.00 45.00 44. 
4 75.07 25.00 45.00 45. 
5 75.07 25.00 45.00 46. 
6 75.07 25.00 45.00 47. 
1 75.04 40.00 45.00 42. 
2 75,04 40.00 45.00 43. 
3 75.04 40.00 45.00 44. 
4 75.04 40.00 45.00 45. 
5 75.04 40.00 45.00 47. 
6 75. 04 40.00 45.00 48. 
1 75.02 50.00 45.00 42. 
2 75.02 50.00 45.00 43. 
3 75.02 50.00 45.00 44. 
4 75.02 50.00 45.00 45. 
5 75.02 50.00 45.00 46. 

































































































TABLE (17) CONTINUED 
1 75.04 10.00 100.00 103. 
2 75.04 10.00 100.00 102. 
3 75.04 10.00 100.00 101. 
4 75.04 10.00 100.00 100. 
5 75. 04 10.00 100.00 99. 
6 75.04 10.00 100.00 98. 
1 75.08 25.00 100.00 103. 
2 75.08 25.00 100.00 102. 
3 75.08 25.00 100.00 101. 
4 75.08 25.00 100.00 100. 
5 75.08 25.00 100.00 99. 
6 75.08 25.00 100.00 98. 
1 75.01 40.00 100.00 103. 
2 75.01 40.00 100.00 102. 
3 75.01 40.00 100.00 101. 
4 75.01 40.00 100.00 100. 
5 75.01 40.00 100.00 99. 
6 75.01 40.00 100.00 98. 
1 74.99 50.00 100.00 103. 
2 74.99 50.00 100.00 102. 
3 74.99 50.00 100.00 101. 
4 74.99 50.00 100.00 100. 
5 74.99 50.00 100.00 99. 

































































































TABLE (17) CONTINUED 
1 75.03 10.00 125.00 128. 
2 75.03 10.00 125.00 127. 
3 75.03 10.00 125.00 125. 
4 75.03 10.00 125.00 124. 
5 75.03 10.00 125.00 123. 
6 75.03 10.00 125.00 121. 
1 75.08 25.00 125.00 128. 
2 75.08 25.00 125.00 127. 
3 75. 08 25.00 125.00 125. 
4 75.08 25.00 125.00 124. 
5 75.08 25.00 125.00 123. 
6 75. 08 25.00 125.00 121. 
1 75.11 40.00 125.00 128. 
2 75.11 40.00 125.00 127. 
3 75.11 40.00 125.00 126. 
4 75.11 40.00 125.00 124. 
5 75.11 40.00 125.00 123. 
6 75.11 40.00 125.00 122. 
1 74.94 50.00 125.00 128. 
2 74.94 50.00 125.00 127. 
3 74.94 50.00 125.00 125. 
4 74.94 50.00 125.00 124. 
5 74.94 50.00 125.00 122. 

























127.47 4.444 0.136 
126.11 4.437 0.136 
124.71 4.436 0.135 
123.38 4.430 0.135 
122.01 4.558 0.143 
120.65 4.561 0. 143 
127.43 4.575 0.144 
126.05 4.447 0.136 
124.67 4.444 0.136 
123.32 4.441 0.136 
121.97 4.567 0.144 
120.60 4.571 0.144 
127.85 4. 541 0.142 
126.46 4.537 0.142 
125.07 4.411 0.134 
123.68 4. 664 0.150 
122.35 4.407 0.134 
120.99 4.536 0.142 
127.33 4.448 0.136 
125.94 4.568 0.144 
124.54 4.568 0.144 
123.17 4.568 0.144 
121.81 4.569 0.144 
120.44 4.573 0.144 
TABLE (17) CONTINUED 
1 74.98 10.00 140.00 145. 
2 74. 98 10.00 140.00 143. 
3 74.98 10.00 140.00 141. 
4 74.98 10.00 140.00 140. 
5 75.98 10.00 140.00 138. 
6 75.98 10.00 140.00 137. 
1 75.02 25.00 140.00 145. 
2 75.02 25.00 140.00 144. 
3 75.02 25.00 140.00 142. 
4 75.02 25.00 140.00 141. 
5 75.02 25.00 140.00 139. 
6 75.02 25.00 140.00 137. 
1 75.07 40.00 140.00 145. 
2 75 «07 40.00 140.00 143. 
3 75o07 40.00 140.00 142. 
4 75.07 40.00 140.00 140. 
5 75.07 40.00 140.00 139. 
6 75.07 40.00 140.00 137. 
1 75.10 50.00 140.00 145. 
2 75.10 50.00 140.00 144. 
3 75.10 50.00 140.00 142. 
4 75.10 50.00 140.00 140. 
5 75.10 50.00 140.00 139. 

























144.06 4.180 0.120 
142.38 4.175 0.120 
140.78 4.059 0.114 
139.15 4.271 0.125 
137.63 4.217 0.122 
136.08 4.325 0.128 
144.71 4.251 0.124 
143.07 4.135 0.118 
141.51 3.912 0.107 
139.88 4.117 0.117 
138.31 4.218 0. 122 
136.77 4.100 0.116 
144.36 4.062 0.114 
142.68 4.380 0.132 
141.07 4.154 0.119 
139.48 4.038 0.113 
137.93 4.136 0.118 
136.34 4.243 0.124 
144.68 4.257 0.125 
143.02 4.251 0.124 
141.43 4.133 0.118 
139.80 4.236 0.123 
138.24 4.340 0.129 
136.71 4.109 0.117 
TABLE (17) CONTINUED 
1 74,95 10.00 
2 74.95 10.00 
3 74.95 10.00 
4 74.95 10.00 
5 74.95 10.00 
6 74.95 10.00 
1 75.00 25.00 
2 75.00 25.00 
3 75.00 25.00 
4 75.00 25.00 
5 75.00 25.00 
6 75.00 25.00 
1 75.06 40.00 
2 75.06 40.00 
3 75.06 40.00 
4 75.06 40.00 
5 75.06 40.00 
6 75.06 40.00 
1 75.09 50.00 
2 75.09 50.00 
3 75.09 50.00 
4 75.09 50.00 
5 75.09 50.00 
6 75.09 50.00 
150. 00 156. 10 
150. 00 154. 41 
150. 00 152. 73 
150. 00 151. 08 
150. 00 149. 50 
150. 00 147. 87 
150. 00 155. 67 
150. 00 153. 99 
150. 00 152. 30 
150. 00 150. 63 
150. 00 149. 09 
150. 00 147. 48 
150. 00 155. 38 
150. 00 153. 70 
150. 00 152. 05 
150. 00 150. 38 
150. 00 148. 78 
150. 00 147. 15 
150. 00 155. 69 
150. 00 153. 96 
150. 00 152. 27 
150. 00 150. 57 
150. 00 148. 97 
150. 00 147. 33 
154.91 3.804 0.101 
153.25 3.598 0.092 
151.57 3.676 0. 095 
149.93 3.660 0.095 
148.37 3.546 0.090 
146.73 3.723 0.098 
154.49 3.730 0.098 
152.82 3.714 0.097 
151.14 3.699 0.096 
149.47 3.781 0.100 
147.95 3.664 0.095 
146.34 3.746 0.099 
154.19 3.843 0.103 
152.52 3.827 0.102 
150.90 3.619 0.093 
149.22 3.797 0.101 
147.63 3.780 0.100 
145.99 3.969 0.109 
154.50 3.830 0.102 
152.78 3.816 0.102 
151.10 3.802 0.101 
149.40 3.888 0.105 
147.81 3.872 0.104 
146.17 3.960 0.109 
TABLEdS) HEAT TRANSFER COEFFICIENT OF POLYETHYLENE PIPE CH) EMBEDDED IN CONCRETE 
REP WATER8ATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # # TEMP. WATER PRESS.» SETTING TEMP. DEGREES F TRANS. COEF. (Ul COEFF.CK» 
* # # DEC.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.10 10.00 35.00 33.02 34.03 4.506 0.170 
2 75.10 10.00 35.00 34.30 35.29 4.377 0.159 
3 75.10 10.00 35.00 35.54 36.53 4.516 0.171 
4 75.10 10.00 35. 00 36. 73 37.70 4.380 0.160 
5 75.10 10.00 35.00 37.89 38.85 4.380 0.160 
6 75.10 10.00 35.00 39.06 40.04 4.526 0.172 
1 75.05 25.00 35.00 32. 84 33.83 4.229 0.148 
2 75.05 25.00 35.00 34.10 35.12 4.771 0.194 
3 75.05 25.00 35.00 35.29 36.27 4.358 0.158 
4 75.05 25.00 35.00 36.47 37.43 4.222 0.148 
5 75.05 25.00 35.00 37.60 38.55 4.216 0.147 
6 75.05 25.00 35.00 38.78 39.74 4.495 0.169 
1 75.01 40.00 35.00 32.58 33.60 4.603 0.178 
2 75.01 40.00 35.00 33.87 34.88 4.610 0.179 
3 75.01 40.00 35.00 35.08 36.05 4.207 0.147 
4 75.01 40.00 35.00 36.29 37.27 4.476 0.167 
5 75.01 40.00 35. 00 37. 45 38.41 4.338 0.156 
6 75.01 40.00 35.00 38.63 39.58 4.342 0.157 
1 74.95 50.00 35.00 32.67 33.67 4.352 0.157 
2 74.95 50.00 35.00 33.92 34.91 4.352 0.157 
3 74.95 50.00 35.00 35.13 36.11 4.351 0.157 
4 74.95 50.00 35.00 36.31 37.28 4.349 0.157 
5 74.95 50.00 35.00 37.49 38.46 4.488 0.168 
6 74.95 50.00 35.00 38.66 39.60 4.216 0.147 
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TABLE (Ifll CONTINUED 
1 74.94 10.00 
2 74.94 10.00 
3 74.94 10.00 
4 74.94 10.00 
5 74.94 10.00 
6 74.94 10.00 
1 74.98 25.00 
2 74.98 25.00 
3 74.98 25.00 
4 74.98 25.00 
5 75.98 25.00 
6 75.98 25.00 
1 75.02 40.00 
2 75.02 40.00 
3 75.02 40.00 
4 75.02 40.00 
5 75.02 40.00 
6 75.02 40.00 
1 75.07 50.00 
2 75.07 50.00 
3 75.07 50.00 
4 75.07 50.00 
5 75.07 50.00 
6 75.07 50.00 
125. 00 128. 85 
125. 00 127. 58 
125. 00 126. 30 
125. 00 125. 06 
125. 00 123. 87 
125. 00 122. 67 
125. 00 128. 35 
125. 00 127. 00 
125. 00 125. 60 
125. 00 124. 27 
125. 00 122. 92 
125. 00 121. 57 
125. 00 128. 61 
125. 00 127. 22 
125. 00 125. 84 
125. 00 124. 50 
125. 00 123. 16 
125. 00 121. 80 
125. 00 128. 38 
125. 00 126. 98 
125. 00 125. 60 
125.00 124. 26 
125. 00 122. 90 
125. 00 121. 58 
127.76 4.412 0.147 
126.51 4.275 0.138 
125.24 4.260 0.137 
124.01 4.244 0.136 
122.83 4.225 0.135 
121.64 4.208 0.134 
127.26 4.458 0.150 
125.93 4.326 0. 141 
124.55 4.202 0.134 
123.23 4.194 0.133 
121.88 4.406 0.147 
120.54 4.408 0.147 
127.51 4.563 0.157 
126.16 4.191 0.133 
124.78 4.306 0.140 
123.45 4.300 0.140 
122.12 4.295 0.140 
120.77 4.295 0.139 
127.30 4.340 0.142 
125.91 4.336 0.142 
124.54 4.331 0. 142 
123.21 4.325 0.141 
121.85 4.449 0.149 
120.56 4.195 0.133 
TABLE (18) CONTINUED 
1 75.11 10.00 140.00 145. 
2 75.11 lô.oo 140.00 143. 
3 75.11 10.00 140.00 142. 
4 75.11 10.00 140.00 140. 
5 75.11 10.00 140.00 139. 
6 75.11 10.00 140.00 138. 
1 74.89 25.00 140.00 145. 
2 74.89 25.00 140.00 144. 
3 74.89 25.00 140.00 142. 
4 74.89 25.00 140.00 141. 
5 74.89 25.00 140.00 139. 
6 74.89 25.00 140.00 137. 
1 75.01 40.00 140.00 145. 
2 75.01 40.00 140.00 144. 
3 75.01 40.00 140.00 142. 
4 75.01 40.00 140.00 140. 
5 75.01 40.00 140.00 139. 
6 75.01 40.00 140.00 137. 
1 75.07 50.00 140.00 145. 
2 75.07 50.00 140.00 144. 
3 75.07 50.00 140.00 142. 
4 75.07 50.00 140.00 140. 
5 75.07 50.00 140.00 139. 

























144.10 3.975 0.121 
142.64 3.956 0.119 
141.21 3.935 0.118 
139.80 4.020 0.123 
138.37 4.003 0.122 
136.96 4.093 0.127 
144.71 4.031 0.124 
143.10 3.815 0.112 
141.49 4.010 0.122 
139.92 3.895 0.116 
138.39 3.988 0.121 
136.82 4.088 0.127 
144.54 3.945 0.119 
142.90 3.935 0.118 
141.32 3.923 0.118 
139.71 4.020 0.123 
138.18 4.116 0.128 
136.59 4.334 0.142 
144.57 4.050 0.125 
142.96 3.935 0.118 
141.33 4.138 0.130 
139.75 4.128 0.129 
138.19 4.230 0.135 
136.61 4.224 0.135 
TABLE (181 CONTINUED 
1 75.11 10.00 150.00 155.23 
2 75.11 10.00 150.00 153.59 
3 75.11 10.00 150.00 151.97 
4 75.11 10.00 150.00 150.36 
5 75.11 10.00 150.00 148.83 
6 75.11 10.00 150.00 147.27 
1 74.96 25.00 150.00 155.72 
2 74.96 25.00 150.00 154.01 
3 74.96 25.00 150.00 152.36 
4 74.96 25.00 150.00 150.69 
5 74.96 25.00 150.00 149.11 
6 74.96 25.00 150.00 147.54 
1 75.03 40.00 150.00 155.61 
2 75.03 40.00 150.00 153.90 
3 75.03 40.00 150.00 152.25 
4 75.03 40.00 150.00 150.58 
5 75.03 40.00 150.00 149.02 
6 75.03 40.00 150.00 147.41 
1 75.08 50.00 150.00 155.76 
2 75.08 50.00 150.00 154.06 
3 75.08 50.00 150.00 152.40 
4 75.08 50.00 150.00 150.73 
5 75.08 50.00 150.00 149.18 
6 75.08 50.00 150.00 147.58 
154. 07 3.568 0.100 
152.44 3.549 0. 099 
150.82 3.625 0.102 
149.23 3.513 0.097 
147. 71 3.492 0. 096 
146.15 3.568 0.100 
154.57 3.449 0.094 
152.85 3.617 0.102 
151.22 3.506 0.097 
149.55 3.584 0.101 
148.00 3.379 0.091 
146.42 3.547 0.099 
154.44 3.640 0.103 
152.73 3.720 0.107 
151.11 3.514 0.097 
149.43 3.688 0.106 
147.89 3.573 0.100 
146.28 3.653 0.104 
154.58 3.730 0.108 
152.89 3.715 0.107 
151.25 3.603 0.101 
149.59 3.588 0.101 
148.05 3.568 0.100 
146.44 3.745 0.108 
TABLE (19) HEAT TRANSFER COEFFICIENT OF POLYETHYLENE PIPE ( I )  E M B E D D E D  I N  CONCRETE 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
• • • TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
# #  #  DEG.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.12 10.00 35.00 32.86 33.86 4.354 0.168 
2 75.12 10.00 35.00 34.12 35.10 4.224 0.158 
3 75.12 10.00 35.00 35.35 36.33 4.357 0.169 
4 75.12 10.00 35.00 36.54 37.50 4.222 0.158 
5 75.12 10.00 35.00 37.69 38.66 4.492 0.180 
6 75.12 10.00 35.00 38.86 39.81 4.356 0.169 
1 75.09 25.00 35.00 32.76 33.76 4.347 0.168 
2 75.09 25.00 35.00 34.03 35.02 4.349 0.168 
3 75.09 25.00 35.00 35.19 36.15 4.081 0.147 
4 75.09 25.00 35.00 36.36 37.33 4.339 0.167 
5 75.09 25.00 35.00 37.51 38.47 4.336 0.167 
6 75.09 25.00 35.00 38.66 39.60 4.200 0.156 
1 75.03 40.00 35.00 32.68 33.69 4.477 0.179 
2 75.03 40.00 35.00 33.91 34.89 4.212 0.157 
3 75. 03 40.00 35.00 35.12 36.09 4.209 0.157 
4 75.03 40.00 35.00 36.29 37.25 4.204 0.157 
5 75.03 40.00 35.00 37.44 38.39 4.200 0.156 
6 75.03 40.00 35.00 38.62 39.58 4.477 0.179 
1 75.07 50.00 35.00 32.81 33.81 4.354 0.168 
2 75.07 50.00 35.00 34.04 35.02 4.221 0.158 
3 75.07 50.00 35.00 35.23 36.20 4.216 0.157 
4 75.07 50.00 35.00 36.40 37.36 4.212 0.157 
5 75.07 50.00 35.00 37.56 38.52 4.344 0.168 
6 75.07 50.00 35.00 38.74 39.69 4.348 0.168 
TABLE (19 ) CONTINUED 
1 74.99 10.00 45.00 42.85 
2 74.99 10.00 45.00 43.95 
3 74.99 10.00 45.00 45.02 
4 74.99 10.00 45.00 46.08 
5 74.99 10.00 45.00 47.12 
6 74.99 10.00 45.00 48.17 
1 75.00 25.00 45.00 42.53 
2 75.00 25.00 45.00 43.63 
3 75.00 25.00 45.00 44.70 
4 75.00 25.00 45.00 45.77 
5 75.00 25.00 45.00 46.82 
6 75.00 25.00 45.00 47.86 
I 74.97 40.00 45.00 42.81 
2 74.97 40.00 45.00 43.92 
3 74.97 40.00 45.00 45.02 
4 74.97 40.00 45.00 46.09 
5 74.97 40.00 45.00 47.15 
6 75.97 40.00 45.00 48.20 
1 75.10 50.00 45.00 42.67 
2 75.10 50.00 45.00 43.76 
3 75.10 50.00 45.00 44.87 
4 75.10 50.00 45.00 45.89 
5 75.10 50.00 45.00 46.90 
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TABLE (19) CONTINUED 
1 74.96 10.00 125.00 128.72 
2 74.96 10.00 125.00 127.35 
3 74.96 10*00 125.00 125.98 
4 74.96 10.00 125.00 124.64 
5 74.96 10*00 125.00 123.32 
6 74.96 10*00 125.00 122.00 
1 74.99 25*00 125*00 129.15 
2 74.99 25*00 125.00 127.80 
3 74.99 25.00 125.00 126.41 
4 74.99 25.00 125.00 125.06 
5 74.99 25*00 125.00 123.74 
6 74.99 25*00 125.00 122.42 
1 75.01 40*00 125.00 128.53 
2 75.01 40*00 125.00 127.16 
3 75.01 40.00 125.00 125.76 
4 75.01 40.00 125.00 124.44 
5 75.01 40.00 125.00 123.11 
6 75.01 40*00 125.00 121.78 
1 75.06 50*00 125.00 128.38 
2 75.06 50*00 125.00 126.82 
3 75.06 50*00 125.00 125.29 
4 75.06 50*00 125.00 123.77 
5 75.06 50*00 125.00 122.32 
6 75.06 50.00 125.00 120.86 
127.66 4.068 0.135 
126.29 4.176 0.141 
124.94 4.050 0.134 
123.59 4.282 0.148 
122.29 4.153 0.140 
120.98 4.147 0.140 
128.07 4.272 0.148 
126.76 3.911 0.126 
125.35 4.255 0.147 
124.02 4.128 0. 138 
122.72 4.000 0.131 
121.41 3.992 0.130 
127.46 4.204 0.143 
126.11 4.077 0.135 
124.71 4.191 0.142 
123.41 4.062 0.134 
122.09 4.054 0.134 
120.77 4.049 0.134 
127.31 4.220 0.144 
125.76 4.227 0.145 
124.24 4.235 0.145 
122.73 4.244 0.146 
121.29 4.250 0. 146 
119.84 4.260 0.147 
TABLE (19) CONTINUED 
1 75.11 10.00 140.00 145.21 
2 75.11 10.00 140.00 143.59 
3 75.11 10.00 140.00 142.03 
4 75.11 10.00 140.00 140.48 
5 75.11 10.00 140.00 138.98 
6 75.11 10.00 140.00 137.44 
1 74.95 25.00 140.00 144.84 
2 74.95 25.00 140.00 143.25 
3 74.95 25.00 140.00 141.67 
4 74.95 25.00 140.00 140.09 
5 74.95 25.00 140.00 138.60 
6 74.95 25.00 140.00 137.06 
1 75.00 40.00 140.00 144.79 
2 75.00 40.00 140.00 143.17 
3 75.00 40.00 140.00 141.61 
4 75.00 40.00 140.00 140.05 
5 75.00 40.00 140.00 138.53 
6 75.00 40.00 140.00 136.97 
1 75.06 50.00 140.00 144.53 
2 75.06 50.00 140.00 142.90 
3 75.06 50.00 140.00 141.25 
4 75.06 50.00 140.00 139.65 
5 75.06 50.00 140.00 138.12 
6 75.06 50.00 140.00 136.53 
144.08 3.773 0.118 
142.48 3.661 0.112 
140.93 3.646 0.111 
139.40 3.533 0.105 
137.89 3.718 0.115 
136.36 3.707 0.114 
143.72 3.685 0.113 
142.15 3.572 0.107 
140.56 3.758 0.117 
139.00 3.645 0.111 
137.51 3.731 0.115 
135.97 3.825 0.120 
143.66 3.790 0.119 
142.05 3.778 0.118 
140.52 3.564 0.107 
138.95 3.752 0.117 
137.42 3.949 0.127 
135.87 3.940 0.127 
143.38 4.014 0.131 
141.77 3.900 0.125 
140.14 3.789 0.119 
138.54 3.883 0.124 
137.02 3.871 0.123 
135.43 3.973 0.129 
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Figure 22. The effects of circulated water temperature and pressure on the 
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Figure 23. The effects of circulated water temperature and pressure on the 
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Figure 24. The effects of circulated temperature and pressure on the thermal 
conductivity (K) of polyethylene pipe (C) embedded in concrete 
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Q= 40 psi 
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Figure 25. The effects of circulated water temperature and pressure on 
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Figure 26. The effects of circulated water temperature and pressure on the 
thermal conductivity of polyethylene pipe (E) embedded in concrete 
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Figure 27. The effects of circulated water temperature and pressure on the 
thermal conductivity of polyethylene pipe (F) embedded in concrete 
0.30-- A = 10 psi 
Q = 40 psi 















0 20 40 60 80 100 120 140 160 
TEMPERATURE °F  
Figure 28. The effect of circulation water temperature and pressure on the 
thermal conductivity of polyethylene pipe (G) embedded in concrete 
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Figure 29. The effect of circulation water temperature and pressure on the 
thermal conductivity of polyethylene pipe (H) embedded in concrete 
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Figure 30. The effects of circulation water temperature and pressure on the 
thermal conductivity of polyethylene pipe (I) embedded in concrete 
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TABLE(20» HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (A) 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS 
• • • TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.FU) COEFF.(K) 
• • • DEC. F PSI OEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.11 10.00 35.00 32.73 33.86 31.949 0.284 
2 75.11 10.00 35.00 34.10 35.20 30.458 0.264 
3 75.11 10.00 35.00 35.47 36.59 33.286 0.303 
4 75. 11 10.00 35. 00 36.77 37.85 30.855 0.269 
5 75.11 10.00 35.00 38.10 39.18 31.981 0.284 
6 75.11 10.00 35.00 39.40 40.47 32.246 0.288 
1 75.07 10.00 45.00 42.38 43.41 31.446 0.270 
2 75.07 10.00 45.00 43.59 44.61 31.726 0.273 
3 75.07 10.00 45.00 44.79 45.79 31.092 0.265 
4 75.07 10.00 45.00 45.97 46.95 30.460 0.257 
5 75.07 10.00 45.00 47.12 48.09 30.768 0.261 
6 75.07 10.00 45.00 48.29 49.25 31.148 0.266 
1 75. 03 10.00 100.00 103.47 102.49 31.181 0.240 
2 75.03 10.00 100.00 102.29 101.32 31.562 0.244 
3 75.03 10.00 100.00 101.19 100.24 30.910 0.238 
4 75.03 10.00 100.00 100.10 99.17 30.271 0.231 
5 75.03 10.00 100.00 99.00 98.08 30.670 0.235 
6 75.03 10.00 100.00 97.92 97.01 31.103 0. 240 
TABLE (20) CONTINUED 
1 75.06 10.00 125.00 128.72 
2 75.06 10.00 125.00 127.22 
3 75.06 10.00 125.00 125.74 
4 75.06 10.00 125.00 124.30 
5 75.06 10.00 125.00 122.86 
6 75.06 10.00 125.00 121.42 
1 75.09 10.00 140.00 144.59 
2 75.09 10.00 140.00 142.80 
3 75.09 10.00 140.00 141.00 
4 75.09 10.00 140.00 139.27 
5 75.09 10.00 140.00 137.59 
6 75.09 10.00 140.00 135.93 
1 75.00 10.00 150.00 155.36 
2 75.00 10.00 150.00 153.49 
3 75.00 10.00 150.00 151.68 
4 75.00 10.00 150.00 149.89 
5 75.00 10.00 150.00 148.17 
6 75.00 10.00 150.00 146.47 
127.52 30.153 0.225 
126.05 28.753 0.212 
124.58 28.846 0.213 
123.15 28.936 0.214 
121.72 29.045 0.215 
120.29 29.173 0.216 
143.30 28.865 0.212 
141.53 28.275 0.207 
139.74 28.372 0.208 
138.03 27.774 0.202 
136.35 28.527 0.209 
134.72 27.231 0.197 
154.02 27.955 0.203 
152.16 27.989 0.203 
150.39 26.140 0.187 
148.60 26.770 0.192 
146.90 26.146 0.187 
145.21 26.145 0.187 
TABLE(21J HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (B) 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # e TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.IK) 
# * # DEG.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.08 10.00 35.00 32.58 33.65 26.044 0.277 
2 75.08 10.00 35.00 33.92 34.98 26.152 0.279 
3 75.08 10.00 35.00 35.21 36.25 25.504 0.269 
4 75.08 10.00 35.00 36.48 37.52 26.354 0.282 
5 75.08 10.00 35.00 37.74 38.76 25.706 0.272 
6 75.08 10.00 35.00 38.97 39.98 25.817 0.274 
1 75.06 10.00 45.00 42.62 43.60 26.282 0.275 
2 75.06 10.00 45.00 43.80 44.77 26.458 0.277 
3 75.06 10.00 45.00 44.95 45.90 25.812 0.268 
4 75.06 10.00 45.00 46.04 46.97 25.132 0.258 
5 75.06 10.00 45.00 47.13 48.05 25.291 0. 260 
6 75.06 10.00 45.00 48.23 49.14 25.491 0.263 
1 75.08 10.00 100.00 103.56 102.63 25.617 0.244 
2 75.08 10.00 100.00 102.44 101.53 24.990 0.237 
3 75.08 10.00 100.00 101.33 100.42 26.066 0.250 
4 75.08 10.00 100.00 100.30 99.43 23.706 0.222 
5 75.08 10.00 100.00 99.27 98.39 25.602 0. 244 
6 75.08 10.00 100.00 98.26 97.40 24.946 0.236 
TABLE (21) CONTINUED 
1 75.03 10.00 125.00 128.81 
2 75.03 10.00 125.00 127.35 
3 75.03 10.00 125.00 125.94 
4 75.03 10.00 125.00 124.57 
5 75.03 10.00 125.00 123.16 
6 75.03 10.00 125.00 121.78 
1 75.06 10.00 140.00 144.28 
2 75.06 10.00 140.00 142.59 
3 75.06 10.00 140.00 140.91 
4 75.06 10.00 140.00 139.26 
5 75.06 10.00 140.00 137.65 
6 75.06 10.00 140.00 136.05 
1 75.09 10.00 150.00 155.47 
2 75.09 10.00 150.00 153.73 
3 75.09 10.00 150.00 152.02 
4 75.09 10.00 150.00 150.33 
5 75.09 10.00 150.00 148.68 























































TABLÊt22) HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (C ) 
REP HATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS 
• # • TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(UI COEFF.(K) 
# # # OEG.F PSI OEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.06 10.00 35.00 33.06 34.03 18.118 0.270 
2 75. 06 10.00 35.00 34.28 35.24 18.093 0.269 
3 75.06 10.00 35.00 35.46 36. 41 18.060 0.269 
4 75. 06 10.00 35. 00 36.60 37.54 18.018 0.268 
5 75.06 10.00 35.00 37.73 38.67 18.570 0.279 
6 75.06 10.00 35.00 38. 86 39.78 17.956 0.267 
1 75.02 10.00 45.00 42.44 43.34 18.699 0.277 
2 75.02 10.00 45.00 43.53 44.41 18.088 0.265 
3 75.02 10.00 45.00 44.60 45.47 18.099 0.266 
4 75.02 10.00 45.00 45.64 46.49 17.480 0.254 
5 75.02 10.00 45.00 46.68 47.52 17.496 0.255 
6 75.02 10.00 45.00 47.70 48.54 18.159 0.267 
1 75.01 10.00 100.00 103.73 102.89 17.262 0. 237 
2 75.01 10.00 100.00 102.68 101.85 17.291 0.237 
3 75.01 10.00 100.00 101.65 100.81 18.632 0.259 
4 75.01 10.00 100.00 100.68 99.86 17.991 0.249 
5 75.01 10.00 100.00 99.74 98.94 17.344 0.238 
6 75.01 10.00 100.00 98.76 97.95 18.764 0.262 
TABLE (22) CONTINUED 
1 75.03 10.00 
2 75.03 10.00 
3 75.03 10.00 
4 75.03 10.00 
5 75.03 10.00 
6 75.03 10.00 
1 75.08 10.00 
2 75.08 10.00 
3 75.08 10.00 
4 75.08 10.00 
5 75.08 10.00 
6 75.08 10.00 
1 75.00 10.00 
2 75.00 10.00 
3 75.00 10.00 
4 75.00 10.00 
5 75.00 10.00 























































TABLE*23) HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (D » 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # # TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
• • • DEG.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.07 10.00 35.00 32.67 33.74 26.689 0. 245 
2 75.07 10.00 35.00 33.98 35.03 26.028 0.236 
3 75.07 10.00 35.00 35.26 36.30 26.113 0.238 
4 75.07 10.00 35.00 36.49 37. 52 26.184 0.238 
5 75.07 10.00 35.00 37.73 38.75 26.280 0.240 
6 75.07 10.00 35.00 38.94 39.94 25.600 0.231 
1 75.02 10.00 45.00 42.46 43.42 25.155 0.221 
2 75.02 10.00 45.00 43.62 44.56 24.493 0.213 
3 75.02 10.00 45.00 44.78 45.71 24.640 0.215 
4 75.02 10.00 45.00 45.89 46.81 24.774 0.216 
5 75.02 10.00 45.00 46.98 47.89 24.916 0.218 
6 75.02 10.00 45.00 48.08 48.98 25.101 0.220 
1 75.00 10.00 100.00 103.52 102.61 24.492 0.198 
2 75.00 10.00 100.00 102. 41 101.50 25.500 0.208 
3 75.00 10.00 100.00 101.31 100.42 24.861 0.201 
4 75.00 10.00 100.00 100.26 99.38 25.045 0.203 
5 75.00 10.00 100.00 99.24 98.38 24.367 0.196 
6 75.00 10.00 100.00 98.23 97.38 24.564 0.198 
TABLE (23) CONTINUED 
1 75.04 10.00 125.00 126.62 
2 75.04 10.00 125.00 127.22 
3 75.04 10.00 125.00 125.84 
4 75.04 10.00 125.00 124.49 
5 75.04 10.00 125.00 123.12 6 75.04 10.00 125.00 121.75 
1 75.09 10.00 140.00 144.61 
2 75.09 10.00 140.00 142.93 
3 75.09 10.00 140.00 141.37 
4 75.09 10.00 140.00 139.80 
5 75.09 10.00 140.00 138.26 
6 75.09 10.00 140.00 136.72 
1 75.02 10.00 150.00 155.82 
2 75.02 10.00 150.00 154.13 
3 75.02 10.00 150.00 152.51 
4 75.02 10.00 150.00 150.88 
5 75.02 10.00 150.00 149.27 
6 75.02 10.00 150.00 147.63 
127.54 21.662 0. 168 
126.15 21.636 0.167 
124. 78 21.610 0.167 
123.43 22.206 0.173 
122.07 22.203 0.173 
120.72 21.576 0.167 
143.46 20.120 0.153 
141.78 20.622 0.158 
140.23 20.565 0.157 
138.67 20.517 0. 157 
137.14 20.466 0.156 
135.61 20.424 0.156 
154.64 18.683 0.140 
152.95 19.085 0.144 
151.40 16.522 0.122 
149.73 18.425 0.138 
148.12 18.827 0.141 
146.49 18.757 0.141 
TABLE(241 HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (E ) 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
• • • TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF. ( U )  COEFF.(K) 
• # • DEG.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.09 10.00 35.00 32.24 33.24 20.665 0.229 
2 75.09 10.00 35.00 33.51 34.49 20.046 0.220 
3 75.09 10.00 35.00 34.71 35.70 21.290 0.238 
4 75.09 10.00 35.00 35.89 36.85 19.997 0.220 
5 75.09 10.00 35.00 37. 06 38.03 21.273 0.238 
6 75.09 10.00 35.00 38.24 39.19 20.628 0.229 
1 75.04 10.00 45.00 42.65 43.55 19.975 0.216 
2 75.04 10.00 45. 00 43.75 44. 64 20.003 0.216 
3 75.04 10.00 45.00 44.86 45.75 20.749 0.227 
4 75.04 10.00 45.00 45.92 46.79 20.091 0.217 
5 75.04 10.00 45.00 46.97 47.85 21.586 0.239 
6 75.04 10.00 45. 00 48.03 48.89 20.943 0.229 
1 75.03 10.00 100.00 103.48 102.62 19.867 0.202 
2 75.03 10.00 100.00 102.43 101.58 19.926 0.202 
3 75.03 10.00 100.00 101.39 100.56 19.289 0.195 
4 75.03 10.00 100.00 100.39 99. 58 18.640 0.187 
5 75.03 10.00 100.00 99.38 98.57 19.426 0.196 
6 75.03 10.00 100.00 98.37 97.57 19.534 0.198 
TABLE (24) CONTINUED 
1 75.05 10.00 
2 75.05 10.00 
3 75.05 10.00 
4 75.05 10.00 
5 75.05 10.00 
6 75.05 10.00 
1 75.08 10.00 
2 75.08 10.00 
3 75.08 10.00 
4 75.08 10.00 
5 75.08 10.00 
6 75.08 10.00 
I 75.01 10.00 
2 75.01 10.00 
3 75.01 10.00 
4 75.01 10.00 
5 75.01 10.00 























































TABLE(25; HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (F ) 
REP HATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS 
• • • • TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.CU) COEFF.(K) 
• • • DEC. F PSI OEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.10 10.00 35.00 33.11 34.05 16.523 0.238 
2 75.10 10.00 35.00 34.30 35.22 15.944 0.227 
3 75.10 10.00 35.00 35.47 36.40 16.964 0.246 
4 75.10 10.00 35.00 36.61 37.52 16.364 0.235 
5 75.10 10.00 35. 00 37.71 38.61 16.301 0.234 
6 75.10 10.00 35.00 38.85 39.75 16.820 0.243 
1 75.07 10.00 45.00 42.76 43.62 16.479 0.234 
2 75.07 10.00 45.00 43.80 44.64 15.870 0.223 
3 75.07 10.00 45.00 44. 83 45.65 15.267 0.213 
4 75.07 10.00 45.00 45.84 46. 66 15.802 0.222 
5 75.07 10.00 45.00 46.82 47.62 15.185 0.212 
6 75.07 10.00 45.00 47.82 48.62 15.751 0.221 
1 75.04 10.00 100.00 103.39 102.59 15.132 0.201 
2 75.04 10.00 100.00 102. 43 101.66 13.964 0.183 
3 75.04 10.00 100.00 101.45 100.67 15.066 0.200 
4 75.04 10.00 100.00 100.51 99.77 13.336 0.174 
5 75.04 10.00 100.00 99.58 98.82 15.009 0.199 
6 75.04 10.00 100. 00 98.69 97.95 14.379 0.190 



















10.00 125. 00 128. 76 
10.00 125. 00 127. 49 
10.00 125. 00 126. 25 
10.00 125. 00 125. 03 
10.00 125. 00 123. 81 
10.00 125. 00 122. 57 
10.00 140. 00 144. 58 
10.00 140. 00 143. 08 
10.00 140. 00 141. 58 
10.00 140. 00 140. 11 
10.00 140. 00 138. 70 
10.00 140. 00 137. 27 
10.00 150. 00 155. 65 
10.00 150. 00 154. 08 
10.00 150. 00 152. 55 
10.00 150. 00 151. 04 
10.00 150. 00 149. 58 
10.00 150. 00 148. 10 
127.81 13.309 0.172 
126.54 13.634 . 0.177 
125.32 13.101 0.169 
124.11 12.994 0.168 
122.90 12.891 0.166 
121.66 13.231 0.171 
143.57 12.338 0.158 
142.07 12.613 0.162 
140.58 12.518 0.161 
139.12 12.423 0.159 
137.72 12.319 0.158 
136.31 11.846 0.151 
154.61 11.597 0.147 
153.05 11.490 0.146 
151.53 11.379 0.144 
150.02 11.606 0.147 
148.57 11.490 0.146 
147.10 11.379 0.144 
TABLE(26) HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (G I 
REP HATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS 
* E # TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.IK) 
# # # DEG.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.11 10.00 35.00 32.87 33.95 28.618 0.197 
2 75.11 10.00 35.00 34. 19 35.26 28.737 0.198 
3 75.11 10.00 35.00 35.50 36.57 29.700 0.208 
4 75.11 10.00 35. 00 36.77 37.83 29.842 0.209 
5 75.11 10.00 35.00 38.05 39.10 30.017 0.211 
6 75.11 10.00 35.00 39.33 40.37 30.223 0.213 
1 75.08 10.00 45.00 42.47 43.46 28.622 0.192 
2 75.08 10.00 45.00 43.67 44.64 27.959 0.186 
3 75.08 10.00 45.00 44. 84 45.80 28.165 0.188 
4 75.08 10.00 45.00 45.98 46.92 27.484 0.181 
5 75.08 10.00 45.00 47.08 48.01 27.675 0.183 
6 75.08 10.00 45.00 48.19 49.11 27.913 0.185 
I 75. 00 10.00 100.00 103.82 102.89 26.876 0.162 
2 75.00 10.00 100.00 102.74 101.86 23.650 0.138 
3 75.00 10.00 100.00 101.66 100.77 25.477 0.152 
4 75.00 10.00 100.00 100.58 99.70 25.682 0.153 
5 75.00 10.00 100.00 99.55 98.69 24.984 0.148 
6 75.00 10.00 100.00 98.54 97.68 26.076 0.156 
TABLE (26) CONTINUED 
1 75.03 10.00 125.00 128.53 
2 75.03 10.00 125.00 127.11 3 75.03 10.00 125.00 125.71 
4 75.03 10.00 125.00 124.36 
5 75.03 10.00 125.00 123.00 
6 75.03 10.00 125.00 121.64 
1 75.07 10.00 140.00 144.78 
2 75.07 10.00 140.00 143.10 3 75.07 10.00 140.00 141.47 4 75.07 10.00 140.00 139.86 
5 75.07 10.00 140.00 138.29 
6 75.07 10.00 140.00 136.70 
1 75.12 10.00 150.00 155.55 
2 75.12 10.00 150.00 153.85 
3 75.12 10.00 150.00 152.18 
4 75.12 10.00 150.00 150.48 























































TABLE(27» HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (H I 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS 
* # # TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
• • • OEG.F PSI OEG.F IN OUT 8/HR-SQFT- F B/HR-FT- F 
1 75.10 10.00 35.00 32.77 33.84 27.414 0.208 
2 75.10 10.00 35.00 34.10 35.15 26.750 0.201 
3 75.10 10.00 35.00 35. 37 36.40 26.062 0.193 
4 75.10 10.00 35.00 36.62 37.64 26.140 0.194 
5 75. 10 10.00 35.00 37.82 38.83 26.204 0.195 
6 75.10 10.00 35.00 39.02 40.02 26.287 0.196 
1 75.08 10.00 45.00 42.73 43.69 25.965 0.188 
2 75.08 10.00 45.00 43.89 44.83 25.288 0.182 
3 75.08 10.00 45.00 45.02 45.95 25.421 0.183 
4 75.08 10.00 45.00 46.14 47.05 24.743 0.176 
5 75.08 10.00 45.00 47.21 48.11 24.867 0.178 
6 75.08 10.00 45.00 48.30 49.19 25.038 0.179 
1 75.05 10.00 100.00 103.91 103.01 24.001 0.158 
2 75.05 10.00 100.00 102.79 101.87 26.700 0.180 
3 75.05 10.00 100.00 101.72 100.84 24.301 0.160 
4 75.05 10.00 100.00 100.67 99. 82 22.799 0.148 
5 75.05 10.00 100.00 99.66 98.81 23.752 0.156 
6 75.05 10.00 100.00 98.67 97.85 22.221 0.144 
TABLE (27) CONTINUED 
1 75.07 10.00 125.00 128.46 
2 75.07 10.00 125.00 127.04 
3 75.07 10.00 125.00 125.65 
4 75.07 10.00 125.00 124.30 
5 75.07 10.00 125.00 122.98 
6 75.07 10.00 125.00 121.64 
1 75.11 10.00 140.00 144.33 
2 75.11 10.00 140.00 142.66 
3 75.11 10.00 140.00 141.03 
4 75.11 10.00 140.00 139.43 
5 75.11 10.00 140.00 137.90 
6 75.11 10.00 140.00 136. 37 
1 75.04 10.00 150.00 155.38 
2 75.04 10.00 150.00 153.70 
3 75.04 10.00 150.00 152.02 
4 75.04 10.00 150.00 150.38 
5 75.04 10.00 150.00 148.80 























































TABLE* 28) HEAT TRANSFER COEFFICIENT OF PLAIN POLYETHYLENE PIPE (I I 
REP WATERBATH CIRCULATED TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS 
• • • TEMP. WATER PRESS. SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.CK» 
# # # DEG.F PSI DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.09 10.00 35.00 32.18 33.24 26.020 0.210 
2 75.09 10.00 35.00 33.49 34.55 26.851 0.220 
3 75.09 10.00 35.00 34.73 35.75 24.655 0.195 
4 75.09 10.00 35.00 35.99 37.02 26.221 0.212 
5 75.09 10.00 35.00 37.20 38.21 25.517 0.204 
6 75.09 10.00 35.00 38.41 39.41 25.591 0.205 
1 75.06 10.00 45.00 42.48 43.44 25.519 0.200 
2 75.06 10.00 45. 00 43.65 44. 59 24.855 0.193 
3 75.06 10.00 45.00 44.77 45.69 24.170 0.186 
4 75.06 10.00 45.00 45. 90 46. 80 23.510 0.179 
5 75. 06 10.00 45.00 46.97 47.86 23.611 0.180 
6 75.06 10.00 45.00 48.05 48.93 23.748 0.182 
1 75.02 10.00 100.00 103.71 102.81 23.903 0.171 
2 75.02 10.00 100.00 102.62 101.74 23.233 0.165 
3 75. 02 10.00 100.00 101.58 100.74 20.995 0.146 
4 75.02 10.00 100.00 100.54 99.69 22.660 OC» 160 
5 75.02 10.00 100.00 99.53 98.71 21.184 0.147 
6 75.02 10.00 100.00 98. 56 97.76 20.488 0.141 
TABLE (28) CONTINUED 
1 75.05 10.00 125.00 128.69 
2 75.05 10.00 125.00 127.32 
3 75.05 10.00 125.00 125.94 
4 75.05 10.00 125.00 124.60 
5 75.05 10.00 125.00 123.27 
6 75.05 10.00 125.00 121.93 
1 75.10 10.00 140.00 144.51 
2 75.10 10.00 140.00 142.87 
3 75.10 10.00 140.00 141.27 
4 75.10 10.00 140.00 139.76 
5 75. 10 10.00 140.00 138.25 
6 75.10 10.00 140.00 136.74 
1 75.03 10.00 150.00 155.62 
2 75.03 10.00 150.00 153.94 
3 75.03 10.00 150.00 152.29 
4 75.03 10.00 150.00 150.66 
5 75.03 10.00 150.00 149.10 
6 75.03 10.00 150.00 147.55 
127.61 21.965 0.152 
126.26 21.313 0.147 
124.88 21.897 0.151 
123.56 21.242 0.146 
122.23 21.835 0.151 
120.90 21.822 0.151 
143.38 19.405 0.131 
141.76 18.838 0.126 
140.15 19.826 0.134 
138.66 19.222 0.129 
137.15 19.685 0.133 
135.65 19.626 0.133 
154.48 17.142 0.113 
152.80 17.509 0.116 
151.17 16.959 0.112 
149.54 17.327 0.115 
147.99 17.223 0.114 
146.46 16.659 0.109 
-a 
Figure 31. The effect of circulation water temperature on the thermal conductiv­
ity of the high density plain polyethylene pipes (A, B and C) 
0.30--
DENSITY = 0.958 gn/cm^ 
A = Pipe A 
o= Pipe B 
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Figure 32. The effects of circulated water temperature on the thermal con­
ductivity of the medium density plain polyethylene pipes (D, E and P) 
0.30--
DENSITY= 0.939 gny/cm"^ 
A = Pipe D 
O = Pipe E 
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Figure 33. The effect of circulated water temperature on the thermal con­
ductivity of the low density polyethylene pipes (G, H and I) 
o*" 
0.30""-
DENSITY = 0.922 gif/cm^ 
A = Pipe G 
O = Pipe H 
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Figure 34. The effect of circulated water temperature on the thermal con­
















- Density - 0.958 gnr/cmq 
— Density = 0.939 grr/cmo 
Density - 0.922 gnn/cm 
A = Plain Pipes 
o = In Concrete 
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TABLE(29| EFFECT OF CYCLING ON THE THERMAL COOUCTIVITY OF POLYETHYLENE PIPE CA) 
REP WATER8ATH NUMBER OF TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
• • • TEMP. CYCLES SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.IK) 
# # # DEG.F # # # #  OEG.F IN OUT B/HR-SOFT- F B/HR-FT- F 
1 75,04 5 35.00 33.23 34.30 5.396 0.286 
2 75.04 5 35.00 34.57 35.62 5.269 0.267 
3 75.04 5 35.00 35.85 36.87 4.988 0.231 
4 75.04 5 35. 00 37.09 38.12 5.308 0.273 
5 75.04 5 35.00 38. 29 39.31 5.324 0.275 
6 75.04 5 35.00 39. 53 40.54 5.352 0.280 
1 75.07 10 35.00 32.82 33.91 5.646 0.329 
2 75.07 10 35.00 34.15 35.19 5.062 0.240 
3 75.07 10 35. 00 35.44 36.48 5.229 0.262 
4 75.07 10 35.00 36.70 37.74 5. 404 0.287 
5 75.07 10 35.00 37.91 38.92 5.111 0.246 
6 75.07 10 35.00 39. 14 40.16 5.447 0.294 
1 75.01 15 •' 35.00 32.94 34.02 5.515 0.306 
2 75.01 15 35. 00 34.30 35.35 5.238 0.263 
3 75.01 15 35.00 35.63 36.69 5.574 0.316 
4 75.01 15 35.00 36.87 37.90 5.281 0.269 
5 75.01 15 35.00 38.09 39.12 5.458 0.296 
6 75.10 15 35.00 39.33 40. 34 5.312 0.274 
1 75.04 20 35.00 32.78 33.85 5.338 0.278 
2 75.04 20 35.00 34.14 35.20 5.364 0.281 
3 75.04 20 35.00 35.45 36.48 5.085 0. 243 
4 75. 04 20 35.00 36.70 37.72 5.100 0.245 
5 75.04 20 35.00 37.90 38.92 5.268 0.267 
6 75.04 20 35.00 39.11 40.10 4.979 0.230 
TABLE (291 CONTINUED 
1 75o03 5 
2 75.03 5 
3 75.03 5 
4 75.03 5 
5 75.03 5 
6 75,03 5 
1 75. 06 10 
2 75.06 10 
3 75.06 10 
4 75.06 10 
5 75.06 10 
6 75.06 10 
1 74. 98 15 
2 74.98 15 
3 74.98 15 
4 74.98 15 
5 74.98 15 
6 74.98 15 
1 75.02 20 
2 75.02 20 
3 75.02 20 
4 75.02 20 
5 75.02 20 
6 75.02 20 
150. 00 154. 58 
150. 00 152. 79 
150. 00 151. 01 
150. 00 149. 27 
150. 00 147. 60 
150. 00 145. 91 
150.00 155. 30 
150. 00 153. 50 
150. 00 151. 74 
150. 00 150. 03 
150. 00 148. 34 
150. 00 146. 66 
150. 00 154. 96 
150. 00 153. 18 
150. 00 151. 45 
150. 00 149. 74 
150. 00 148. 04 
150. 00 146. 37 
150. 00 155. 09 
150. 00 153. 29 
150. 00 151. 54 
150. 00 149. 80 
150. 00 148. 12 
150. 00 146. 42 
153.31 4.719 0.179 
151.52 4.829 0.188 
149. 77 4.600 0.170 
148.03 4.709 0.178 
146.37 4.702 0.178 
144.71 4.471 0.160 
154.04 4.569 0.168 
152.24 4.674 0.176 
150.51 4.448 0.159 
148.81 4.440 0.158 
147.10 4.771 0.183 
145.45 4.537 0.165 
153.69 4.694 0.177 
151.93 4.578 0.168 
150.21 4.570 0.168 
148.51 4.563 0.167 
146.81 4.670 0.175 
145.18 4.328 0.151 
153.81 4.801 0.186 
152.04 4.573 0.168 
150.31 4.457 0.160 
148.57 4.562 0.167 
146.90 4.555 0.167 
145.22 4.438 0.158 
TABLEI30) EFFECT OF CYCLING ON THE THERMAL CODUCTIVITY OF POLYETHYLENE PIPE (C) 
REP WATERBATH • NUMBER OF TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# • • TEMP. CYCLES SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF. C K »  
# # * DEC.F 
• • • DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75,01 5 35.00 32.69 33.70 4.480 0.301 2 75.01 5 35.00 33.95 34.91 3.964 0.238 3 75.01 5 35.00 35.18 36.16 4.350 0.284 4 75.01 5 35.00 36.34 37.27 3.828 0.223 5 75.01 5 35.00 37.48 38.42 4.075 0.250 6 75.01 5 35.00 38.63 39.55 3.942 0.235 I 75.06 10 35.00 33.24 34.23 4.269 0.273 2 75. 06 10 35.00 34.50 35.48 4.271 0.274 NJ 3 75.06 10 35.00 35.68 36.62 3.881 0.229 M 4 75.06 10 35.00 36.85 37.80 4.131 0.257 5 75.06 10 35.00 38.01 38.96 4.262 0.273 6 75.06 10 35.00 39.16 40.09 4.127 0.256 1 75.03 15 35.00 32.88 33.86 4.108 0.254 2 75.03 15 35.00 34.13 35.09 3.980 0.239 3 75.03 15 35.00 35.34 36.30 4.103 0.253 4 75.03 15 35.00 36.51 37.45 3.969 0.238 5 75.03 15 35.00 37.62 38. 55 3.959 0.237 6 75.03 15 35.00 38.78 39. 72 4.221 0. 267 
I 75.08 20 35.00 32.79 33.76 3.969 0.238 2 75.08 20 35.00 34.03 34.99 3.965 0.238 3 75.08 20 35.00 35. 22 36.17 3.958 0.237 4 75.08 20 35.00 36.38 37.31 3.825 0.223 5 75.08 20 35.00 37.52 38.46 4.072 0.250 6 75.08 20 35.00 38.64 39.57 4.065 0.249 
TABLE (30 > CONTINUED 
1 75.02 5 
2 75.02 5 
3 75.02 5 
4 75.02 5 
5 75.02 5 
6 75.02 5 
1 75.06 10 
2 75.06 10 
3 75.06 10 
4 75.06 10 
5 75.06 10 
6 75.06 10 
1 75.01 15 
2 75.01 15 
3 75.01 15 
4 75.01 15 
5 75.01 15 
6 75.01 15 
1 75.07 20 
2 75.07 20 
3 75.07 20 
4 75.07 20 
5 75.07 20 
6 75.07 20 
150, 00 154. 93 
150. 00 153. 26 
150. 00 151. 60 
150. 00 149. 97 
150. 00 148. 43 
150. 00 146. 84 
150. 00 154. 89 
150. 00 153. 24 
150. 00 151. 59 
150. 00 149. 96 
150. 00 148. 46 
150. 00 146. 90 
150. 00 154. 82 
150. 00 153. 12 
150. 00 151. 48 
150. 00 149. 85 
150. 00 148. 32 
150. 00 146. 79 
150. 00 154. 78 
150. 00 153. 10 
150. 00 151. 44 
150. 00 149. 81 
150. 00 148. 27 
150. 00 146. 69 
153.78 3.485 0.178 
152.12 3.468 0.177 
150.48 3.360 0.168 
148.84 3.527 0.181 
147.33 3.321 0.165 
145.73 3.489 0.178 
153.75 3.399 0.171 
152.09 3.563 0.184 
150.47 3.362 0.168 
148.85 3.345 0.167 
147.37 3.232 0.159 
145.80 3.395 0.171 
153.66 3.582 0.186 
151.97 3.566 0.185 
150.34 3.549 0.183 
148.75 3.257 0.161 
147.21 3.418 0.173 
145.70 3.305 0.164 
153.64 3.404 0.172 
151.94 3.664 0.193 
150.32 3.369 0.169 
148.68 3.537 0.182 
147.17 3.331 0.166 
145.58 3.499 0.179 
TABLEOl) EFFECT OF CYCLING ON THE THERMAL CODUCTIVITY OF POLYETHYLENE PIPE ( D )  
REP WATERBATH NUMBER OF TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # # TEMP. CYCLES SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
e # # DEG.F DEG.F IN OUT 8/HR-SQFT- F B/HR-FT- F 
1 75 «08 5 35.00 33.04 34. 07 4.785 0.227 
2 75.08 5 35.00 34.34 35.35 4.656 0.213 
3 75.08 5 35.00 35.57 36.54 4.252 0.175 
4 75.08 5 35.00 36.77 37.76 4.665 0.214 
5 75.08 5 35. 00 37.93 38.89 4.387 0.187 
6 75,08 5 35.00 39.11 40.07 4. 533 0.201 
1 75.11 10 35.00 32.88 33.90 4.625 0.210 
2 75,11 10 35.00 34.17 35.19 4.772 0.226 w 
3 75.11 10 35.00 35.35 36.31 4.095 0.162 œ 
4 75.11 10 35.00 36.56 37.54 4.496 0.197 
5 75.11 10 35.00 37.71 38.68 4.495 0.197 
6 75.11 10 35.00 38.88 39.84 4.500 0.198 
I 75.05 15 35.00 32.96 34.00 4.920 0.243 
2 75o05 15 35.00 34.24 35.24 4.511 0.199 
3 75.05 15 35.00 35.46 36.44 4.377 0.186 
4 75.05 15 35.00 36.64 37.60 4.241 0.174 
5 75.05 15 35.00 37.82 38.79 4.516 0.199 
6 75.05 15 35.00 39.02 39.99 4.668 0.215 
1 75.09 20 35.00 33.10 34.12 4.652 0.213 
2 75.09 20 35.00 34.38 35.39 4.659 0.214 
3 75.09 20 35.00 35.61 36.61 4.665 0.214 
4 75.09 20 35.00 36.79 37.76 4.388 0.187 
5 75.09 20 35.00 37.94 38.90 4.387 0.187 
6 75.09 20 35.00 39.12 40.09 4.676 0.216 
TABLE (31) CONTINUED 
1 75.10 5 150.00 155.18 
2 75.10 5 150.00 153.45 
3 75.10 5 150.00 151.76 
4 75.10 5 150.00 150.07 
5 75.10 5 150.00 148.43 
6 75.10 5. 150.00 146.79 
1 75.06 10 150.00 154.81 
2 75.06 10 150.00 153.07 
3 75. 06 10 150.00 151.41 
4 75.06 10 150.00 149.74 
5 75.06 10 150.00 148.13 
6 75*06 10 150*00 146.50 
1 75*07 15 150.00 154.76 
2 75.07 15 150.00 153.07 
3 75.07 15 150.00 151.39 
4 75,07 15 150.00 149.75 
5 75.07 15 150.00 148.11 
6 75,07 15 150.00 146,47 
1 75.10 20 150.00 154.92 
2 75,10 20 150.00 153.21 
3 75.10 20 150.00 151.55 
4 75.10 20 150.00 149.89 
5 75.10 20 150,00 148.27 
6 75.10 20 150.00 146.65 
153.98 3.953 0.140 
152.28 3.745 0.127 
150.58 3.927 0.138 
148.91 3.815 0.131 
147. 29 3.702 0.125 
145.64 3.888 0.136 
153.63 3.774 0.129 
151,88 3.958 0.140 
150.25 3.746 0.127 
148.57 3.930 0.138 
146,98 3.814 0.131 
145.36 3.801 0.130 
153,57 3.874 0, 135 
151,90 3,762 0,128 
150,22 3,845 0,133 
148,59 3.830 0,132 
146,95 3.917 0,137 
145,32 3.904 0,137 
153,74 3.771 0.129 
152.02 3.953 0,140 
150.38 3.839 0,133 
148,74 3.726 0,126 
147,12 3.809 0.131 
145.51 3.795 0.130 
TABLE!32) EFFECT OF CYCLING ON THE THERMAL CODUCTIVITY OF POLYETHYLENE PIPE (F) 
REP WATERBATH NUMBER OF TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # # TEMP. CYCLES SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
* # * DEG.F • • • DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
1 75.08 5 35.00 32.68 33.65 3.959 0.235 
2 75.08 5 35.00 33.88 34.82 3.708 0.209 
3 75.08 5 35.00 35.04 35.96 3.577 0.197 
4 75.08 5 35.00 36.18 37.11 3.805 0.219 
5 75.08 5 35.00 37.28 38.18 3.549 0.194 
6 75.08 5 35. 00 38.45 39.38 4.044 0.245 
1 75. 10 10 35.00 33.11 34.08 3.998 0.240 
2 75.10 10 35. 00 34.35 35.30 3.871 0.226 N 
3 75.10 10 35.00 35.53 36.45 3.620 0.201 o 
4 75.10 10 35.00 36.68 37.61 3.853 0.224 
5 75.10 10 35.00 37.78 38.69 3.717 0.210 
6 75.10 10 35.00 38.92 39.83 3.835 0.222 
1 75. 07 15 35. 00 32.89 33.84 3.73 8 0.212 
2 75.07 15 35.00 34.13 35.09 3.976 0.237 
3 75.07 15 35.00 35.30 36.23 3.721 0.211 
4 75.07 15 35.00 36.42 37.33 3.587 0.198 
5 75.07 15 35.00 37.54 38.46 3.819 0.220 
6 75.07 15 35. 00 38.66 39.56 3.686 0.207 
1 75.05 20 35. 00 32. 91 33.87 3.861 0.225 
2 75.05 20 35.00 34.19 35.16 4.110 0.252 
3 75.05 20 35.00 35.38 36.32 3.852 0.224 
4 75.05 20 35.00 36.47 37.37 3.476 0.187 
5 75.05 20 35.00 37.57 38.49 3.825 0.221 
6 75.05 20 35.00 38.72 39.63 3.819 0.220 
TABLE (32) CONTINUED^ 
1 75.07 5 150.00 155. 
2 75.07 5 150.00 153. 
3 75.07 5 150.00 152. 
4 75.07 5 150.00 150. 
5 75.07 5 150.00 149. 
6 75.07 5 150.00 147. 
1 75.09 10 150.00 154. 
2 75.09 10 150.00 153. 
3 75.09 10 150.00 151. 
4 75.09 10 150.00 150. 
5 75.09 10 150.00 148. 
6 75.07 10 150.00 147. 
1 75.08 15 150.00 155. 
2 75.08 15 150.00 153. 
3 75.08 15 150.00 152. 
4 75.08 15 150.00 150. 
5 75.08 15 150.00 148. 
6 75.08 15 150.00 147. 
1 75. 10 20 150.00 154. 
2 75.10 20 150.00 153. 
3 75.10 20 150.00 151. 
4 75.10 20 150.00 150. 
5 75.10 20 150.00 148. 

























154.44 2.946 0.137 
152.90 2.610 0.116 
151.42 2.437 0.106 
149.90 2.637 0.118 
148.46 2.535 0.111 
146.95 2.588 0.115 
153.88 2.887 0.133 
152.30 2.865 0.132 
150.84 2.530 0.111 
149. 27 2.738 0.124 
147.78 2.714 0.122 
146.24 2.853 0.131 
154.14 2.877 0. 133 
152.56 2.776 0.126 
151.03 2.675 0.120 
149.44 2.811 0.128 
147.93 2.788 0.127 
146.39 2.847 0. 131 
153.82 2.810 0.128 
152. 24 2.788 0.127 
150.67 2.766 0.126 
149.16 2.664 0.119 
147.62 2.720 0.123 
146.11 2.859 0.132 
TABLE(33 ) EFFECT OF CYCLING ON THE THERMAL COOUCTIVITY OF POLYETHYLENE PIPE IG) 
REP WATERBATH NUMBER OF TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # # TEMP. CYCLES SETTING TEMP. DEGREES F TRANS. COEF.tU; COEFF.(K) 
• • • DEG.F # # # DEG.F IN OUT B/HR-SQFT- F B/HR-FT- F 
I 75.10 5 35.00 32.91 33.96 5.052 0.205 
2 75.10 5 35.00 34.19 35.20 4.636 0.165 
3 75.10 5 35.00 35.47 36.49 4.932 0.192 
4 75.10 5 35.00 36.66 37.61 4.106 0.127 
5 75.10 5 35. 00 37.83 38.80 4.511 0.155 
6 75.10 5 35.00 39.03 40.01 4.810 0.181 
1 75.06 10 35.00 33.21 34.27 5.241 0.227 
2 75.06 10 35.00 34.50 35. 50 4. 539 0.158 
3 75.06 10 35.00 35.73 36.72 4. 543 0.158 
4 75.06 10 35.00 36.91 37.88 4.406 0.147 
5 75.06 10 35.00 38.07 39.03 4.406 0. 147 
6 75.06 10 35.00 39.28 40.25 4.702 0.171 
1 75.08 15 35.00 32. 87 33.91 4.906 0.190 
2 75.08 15 35.00 34.19 35.20 4.639 0.166 
3 75.08 15 35.00 35.45 36.45 4.647 0.166 
4 75.08 15 35.00 36.64 37.61 4.372 0.145 
5 75.08 15 35.00 37.81 38.79 4.653 0.167 
6 75.08 15 35. 00 38.99 39.94 4.377 0.145 
1 75.04 20 35.00 32.77 33.82 5.042 0.204 
2 75.04 20 35.00 34.08 35.11 4.913 0.190 
3 75.04 20 35.00 35.32 36. 31 4.498 0.154 
4 75.04 20 35.00 36.51 37.49 4.499 0.154 
5 75.04 20 35.00 37.68 38.65 4.500 0.155 
6 75.04 20 35. 00 38.85 39.81 4.505 0.155 
TABLE (331 CONTINUED 
1 75.07 5 150.00 
2 75.07 5 150.00 
3 75.07 5 150.00 
4 75.07 5 150.00 
5 75.07 5 150.00 
6 75.07 5 150.00 
1 75. 06 10 150.00 
2 75.06 10 150.00 
3 75.06 10 150.00 
4 75.06 10 150.00 
5 75.06 10 150.00 
6 75.06 10 150.00 
1 75.05 15 150.00 
2 75.05 15 150.00 
3 75.05 15 150.00 
4 75.05 15 150.00 
5 75.05 15 150.00 
6 75.05 15 150.00 
1 75.08 20 150.00 
2 75.08 20 150.00 
3 75.08 20 150.00 
4 75.08 20 150.00 
5 75.08 20 150.00 
6 75.08 20 150.00 
155.92 154.72 3.915 0.107 
154.23 153.05 3.802 0.101 
152.55 151.39 3.690 0. 096 
150.88 149.71 3.871 0.104 
149.25 148.09 3.856 0.104 
147.62 146.47 3.842 0. 103 
155.89 154.70 3.819 0.102 
154.17 152.98 3.902 0.106 
152.49 151.34 3.598 0. 092 
150.82 149.66 3.775 0.100 
149.19 148.04 3.759 0. 099 
147.57 146.42 3.844 0.103 
156.11 154.93 3.712 0.097 
154.42 153.24 3.792 0.101 
152.72 151.56 3.681 0.096 
151.05 149.88 3.862 0.104 
149.41 148.27 3.651 0.094 
147.80 146.65 3.831 0.103 
155.93 154.73 3.915 0.107 
154.22 153.06 3.613 0. 093 
152.53 151.36 3.789 0.101 
150.86 149.70 3.774 0.100 
149.25 148.10 3.757 0. 099 
147.64 146.50 3.742 0.098 
TABLE(34) EFFECT OF CYCLING ON THE THERMAL CODUCTIVITY OF POLYETHYLENE PIPE ( I l  
REP HATERBATH NUMBER OF TEMP. CIRCULATED WATER OVERALL HEAT HEAT TRANS. 
# # # TEMP. CYCLES SETTING TEMP. DEGREES F TRANS. COEF.(U) COEFF.(K) 
## # DEG.F e ## OEG.F IN OUT B/HR-SQFT- F 8/HR-FT- F 
1 75.04 5 35.00 33.19 34.22 4.807 0.211 
2 75.04 5 35.00 34.46 35.45 4.401 0.172 
3 75.04 5 35.00 35.69 36.66 4.270 0.162 
4 75.04 5 35. 00 36. 89 37.85 4.270 0.162 
5 75.04 5 35.00 38.06 39.03 4.547 0.185 
6 75.04 5 35.00 39.23 40.17 4.273 0.162 
1 75.07 10 35.00 32.93 33.94 4.499 0.181 
2 75.07 10 35.00 34.21 35.19 4.239 0.159 5 
3 75.07 10 35.00 35.42 36.38 4.107 0.149 
4 75.07 10 35.00 36.62 37.59 4.371 0.170 
5 75.07 10 35. 00 37. 76 38.71 4.232 0.159 
6 75.07 10 35.00 38.90 39.83 4.096 0.148 
1 75. 06 15 35.00 32.96 33.96 4.371 0.170 
2 75.06 15 35.00 34.22 35. 19 4.112 0.150 
3 75. 06 15 35.00 35.46 36.44 4.376 0.170 
4 75.06 15 35. 00 36.64 37.61 4.374 0.170 
5 75.06 15 35.00 37.81 38.77 4.375 0. 170 
6 75.06 15 35.00 38.97 39.91 4.240 0.159 
1 75.04 20 35.00 33.09 34.10 4.520 0.183 
2 75.04 20 35.00 34.34 35.32 4.256 0.160 
3 75.04 20 35.00 35.54 36.50 4.122 0.150 
4 75.04 20 35.00 36.75 37. 73 4.527 0.183 
5 75.04 20 35. 00 37.88 38.83 4.249 0.160 
6 75.04 20 35.00 39.06 40.00 4.253 0.160 
TABLE (34 1 CONTINUED 
1 75.03 5 150.00 154. 
2 75.03 5 150.00 153. 
3 75.03 5 150.00 151. 
4 75.03 5 150.00 149. 
5 75.03 5 150.00 148. 
6 75.03 5 150.00 146. 
1 75.09 10 150.00 155. 
2 75.09 10 150.00 153. 
3 75.09 10 150.00 151. 
4 75.09 10 150.00 150. 
5 75.09 10 150.00 148. 
6 75.09 10 150.00 147. 
1 75.11 15 150.00 155. 
2 75.11 15 150.00 153. 
3 75.11 15 150.00 151. 
4 75.11 15 150.00 150. 
5 75.11 15 150.00 148. 
6 75.11 15 150.00 146. 
1 75.08 20 150.00 154. 
2 75.78 20 150.00 153. 
3 75.08 20 150.00 151. 
4 75.08 20 150.00 149. 
5 75.08 20 150.00 148. 

























153.67 3.582 0.108 
152.06 3.292 0.094 
150.44 3.273 0.093 
148.80 3.437 0.101 
147. 26 3.416 0.100 
145.69 3.492 0.103 
153.98 3.480 0.103 
152.31 3.463 0.102 
150.67 3.355 0. 097 
149.07 3.336 0.096 
147.51 3.317 0.095 
145.97 3.388 0. 098 
153.95 3.482 0.103 
152.30 3.374 0.098 
150.64 3.540 0.106 
149.06 3.248 0.092 
147.44 3.504 0.104 
145.84 3.488 0.103 
153.79 3.398 0.099 
152.12 3.502 0.104 
150.47 3.454 0.101 
148.85 3.437 0.101 
147.23 3.513 0.104 
145.61 3.498 0.103 
Figure 35. Effect of the alternate cycling of hot and cold water on the thermal 
conductivity of polyethylene pipes embedded in concrete 
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XVI. APPENDIX F: SUMMARY OF THE 
PHYSICAL BOND TESTS 
$ 
229 
Table 35. Data for the physical bond between concrete 
and polyethylene 






Figure 36. The effect of temperature on the physical 
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XVII. APPENDIX G; THE COMPUTER PROGRAM USED FOR 
THE CALCULATION OF THE HEAT COEFFICIENT (k) 
DIMENSION TWB(6,4,6),TIN(6,4,6),T0UT(6,4,6),AK2(6,4,6),TEMP(6), 
TWB=WATER BATH TEMPERATURE 
TIN=TEMPERATURE CF CIRCULATED WATER ENTERING THE PIPE 
TOUT=TEMPERATURE OF CIRCULATED WATER LEAVING THE PIPE 
H12=THE INSIDE FILM COEFFICIENT 
OVTC=THE OVERALL HEAT TRANSFER COEFFICIENT(Ul 






REA0(5,6MPRESS( n,I = lr4l 
6 FORMAT(4F4.1) 
WRITE(6,11) 
11 F0RMATI1H1,23X,73HTABLE(1I HEAT TRANSFER COEFFICIENTS FOR POLYETHY 
ILENE PIPE (AI IN CONCRETE) 
WRITE(6,8) 
8 FORMAT*1H1,23X,83HTEMPERATURE PRESSURE TEMP. W.B. TEMP. IN TEMP 
1. OUT OV.H.T.COE.U HEAT TR.COEF.K/» 
WRITE(6,9) 
9 FORMATIIH ,25X,5H0EG.F»9X,3HPSI,5X,5H0EG.F,7X,5H0EG.F,6X,5H0EG.F,3 
1X,11HB/HR-SQFT-F,3X,13H8/HR-FT.DEG.F) 
DO 10 1= 1,6 
DO 10 J= 1,4 
10 READ(5,12)(TWB(I,J,M),M=1,6I 
12 F0RMAT(6X,6F7.2) 
DO 14 1= 1,6 
DO 14 J= 1,4 
14 READ(5,12)(TINCI,J,M),M=1,6» 
DO 16 1= 1,6 
00 16 J= 1,4 
1 6  R E A D ( 5 , 1 2 M T 0 U T (  I , J , M I  , M = l , 6 l  
AREA = 5.5 
R E A D ( 5 , 2 0 ) ( H 1 2 ( I ) , I = 1 , 6 )  
R E A D ( 5 , 2 0 ) ( H 4 5 ( I ) , 1 = 1 , 6 )  
20 F0RMATC6F8.3) 
00 100 1= 1,6 
DO 1 0 0  J =  1 , 4  
DO 3 0 0  M =  1 , 6  
I F ( T I N ( I , J , M )  . L E .  T W B ( I f J , M ) }  G O  T O  2 4  
D E L T l  =  T I N ( I , J , M ) -  T W B ( I , J , M )  
0ELT2 = TOUT(I,J,M) - TWB(I,J,M) 
GO TO 30 
24 DELTl = TWB(1,J,M) - TIN(I,J,M) 
DELT2 = TWBfI,J,M} - TOUT(I,J,M» 
30 QUE =(ABS(DELT1-DELT2))*1000.0 
ANLG = ALOGf ABSI0ELTI/0ELT2H 
CVTC = QUE * ANLG/(AREA»(0ELTl-DELT2n 
ANR3 = AL0G(RAD3/RA02I 
ANR4 = ALOGfRAD4/RA03) 
RATI = 1.0/QVTC 
R A T 2  =  R A D 4 / ( R A D 2 * H 1 2 ( I ) )  
RAT3 = RA04*ANR4/2.0 ^ 
RAT4 = 1.0/H45fll w 
A K 2 ( I , J , M )  =  R A D 4 * A N R 3 / < R A T 1 - R A T 2  - R A T 3  - R A T 4 )  
A V E S U M = A V E S U M + A K 2 ( I , J , M )  
W R I T E ( 6 , 5 0 1  T E N P C I ) , P R E S S { J > ,  T W B ( I , J , M » , T I N U , J , M  I , T O U T ( I , J , « ) ,  
1  0 V T C , A K 2 ( I , J , M ) , A V E S U M , A V E  
5 0  F C R M A T l l H , 2 4 X , F 6 . 2 , 8 X , F 5 . 2 , 4 X , F 6 . 2 , 5 X , F 6 . 2 , 5 X , F 6 . 2 , 6 X , F 7 . 3 , 8 X , F 7 .  
1 4 , 5 X , F 6 . 4 , 5 X , F 6 . 4 )  
300 CONTINUE 
100 CONTINUE 
STOP 
END 
